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ABSTRACT 

The integration of the different parts of the urban wastewater system (i.e. 

catchment, sewer network, wastewater treatment plant and receiving waters) 

permits the representation of their intrinsic interactions and complexities, 

allowing for a more sophisticated management of stormwater and wastewater 

interventions. Emerging threats (e.g. climate change, population growth) and 

their associated future uncertainties pose an unprecedented challenge to the 

performance of the integrated urban wastewater system (IUWWS), which is 

expected to be reliable, resilient and sustainable regardless of future conditions. 

The aim of this thesis is to understand the performance and planning 

implications of catchment-scale infrastructure strategies for the improved 

management of the IUWWS in the face of future uncertainty. To this end, green 

and grey infrastructure strategies are proposed and assessed in the context of 

two different IUWWS models. Future uncertainties are represented by means of 

four future scenarios that account for a rich and ample variety of internal and 

external threats in the horizon 2050. A novel regret-based method is employed 

in order to: 1) assess the performance of the proposed strategies for multiple 

objectives (environmental, economic and social) and identify their main trade-

offs; 2) evaluate the robustness of the proposed strategies for reliability, 

resilience and sustainability across future scenarios; 3) explore the dynamic 

compliance and adaptability of the strategies along pathways of transient 

scenarios. 

The obtained results demonstrate that end-of-pipe grey infrastructure strategies 

are subject to significant trade-offs that compromise their performance 

downstream, in spite of addressing localised issues. These operational trade-

offs, along with the cost of grey schemes, importantly constrain their robustness 

to promote sustainability in the future, even in situations where these can 

become robust for reliability and resilience. In contrast, green infrastructure 

retrofits prove to be more consistent in their performance, delivering a wide 

range of performance benefits at a moderate cost. This translates into higher 

levels of robustness for reliability, resilience and sustainability across future 

scenarios when compared to their grey counterparts. Hybrid strategies 

combining grey and green interventions offer additional potential for robustness 



3 

as they can ameliorate the unintended impacts and consequences of end-of-

pipe solutions. Finally, it is also demonstrated that the robust performance of 

green retrofit strategies reconciles (and can help grey infrastructure alternatives 

to reconcile) compliance requirements in the short-term with those associated 

with the need to adapt to uncertain challenges in the long-term. 
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1. INTRODUCTION 

1.1. Background and Motivation of Research 

Stormwater and wastewater drainage are essential services that provide society 

with urban areas safe from the health risks and material damage derived from 

inappropriate sanitation and pluvial flooding. In the UK, the development and 

maintenance of sewer infrastructure, mostly in the form of combined sewer 

systems, have relied upon large infrastructure investment schemes. 

Emerging challenges affecting the provision of water services in the UK pose an 

important threat to the management of drainage infrastructure. These include 

issues such as climate change, population growth, rising environmental 

standards and customer expectations, lifestyle changes and affordability (Ofwat, 

2011a). Legislative changes like the EU Water Framework Directive (EC, 2000) 

or the Carbon Reduction Commitment (Defra, 2008) are already straining the 

current capabilities of urban drainage systems in their ability to meet incoming 

environmental standards. 

The multiple nature and unprecedented scale of the aforementioned challenges 

implies that the UK water sector must face higher levels of uncertainty regarding 

the magnitude and extent of future impacts on service performance. These 

uncertainties together with the complexity of urban drainage systems are a 

barrier to accurately predicting and adequately informing decision-making 

processes to manage wastewater systems. 

Traditionally, approaches to sewer infrastructure planning are based on the 

assumption that present and future threats are known (usually by relying on 

probabilities derived from historical data) in an attempt to inform decisions so 

that the urban drainage system remains reliable, unlikely to fail (i.e. “fail-safe”).  

In reality, however, these threats are often very uncertain and require 

approaches that embrace the possibility of failure whilst minimising its impacts 

and consequences (i.e. “safe-to-fail”) (Ahern, 2011). Such views are commonly 

encapsulated in the concept of resilience, which has recently attracted the 

attention of researchers and practitioners across the environmental sciences 

(Xu et al., 2014). 



33 

Under these circumstances, urban drainage infrastructure may need to be 

adaptively improved in order to become more resilient to variable future 

conditions, while being able to minimise failure and to deliver a satisfactory level 

of service most of the time. At the same time, reliable and resilient systems 

should be sustainable in the long-term; that is, to comply with operational 

objectives while not compromising economic, environmental and social goals in 

the future. Understanding the relationship between these goals becomes thus 

paramount to devise drainage strategies that could be successful now and in 

the future. 

In the case of urban wastewater systems, this situation also demands the 

adoption of more integrated approaches that account for all the elements 

relevant to the system (i.e. urban catchment, sewer network, treatment plant 

and receiving waters), so that their intrinsic interactions are not ignored and the 

full managerial potential realised. The holistic consideration of wastewater 

systems is also the right approach to integrate a range of different objectives, 

necessary to accrue for the variety of performance outputs and objectives 

(social, economic and environmental) that make up our aspirations to achieve 

reliability, resilience and sustainability in the short and long-term. 

In a context of ever-changing conditions with an increasing number of 

performance objectives to be considered in complex modelling frameworks, it is 

challenging to identify infrastructure options able to deliver the desired 

performance outcomes. The uncertain nature of these conditions and the 

unknown magnitude and extent of their impacts over the long-term may 

question the performance of conventional and alternative solutions under future 

conditions. 

The present project has been developed in the framework of the EPSRC-

funded Industrial Doctorate Centre for the Water Sector (STREAM). The project 

has been conceived to contribute to addressing the aforementioned challenges 

in the context of the collaboration between the University of Exeter and 

Northumbrian Water Ltd. in order to address both research and industry needs. 
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1.2. Aim and Objectives 

The main aim to be achieved through this thesis is to understand the 

performance and long-term planning implications of catchment-scale strategies 

for the management of stormwater and wastewater in two Integrated Urban 

Wastewater Systems (IUWWS). Thus, the integrated management approach 

considered in this thesis (i.e. the management of the IUWWS) consists of the 

management of stormwater and wastewater by integration of the main elements 

of the urban wastewater system (i.e. urban catchment, sewer infrastructure, 

wastewater treatment plant and receiving waters). This differs from Integrated 

Urban Water Management (IUWM) approaches that take a total water cycle 

management viewpoint (i.e. potable water supply and wastewater management). 

In order to accomplish this aim a set of objectives are defined as follows: 

1. Identify the main research needs associated with the management of the 

IUWWS in the face of future uncertainties. 

2. Propose relevant catchment-scale strategic interventions (both green 

and grey infrastructure strategies) for the management of stormwater 

and wastewater in two case studies. 

3. Develop plausible future scenarios for the 2050 horizon, representative 

of future uncertainties affecting the performance of the IUWWS in the 

case studies. 

4. Develop a method to evaluate the reliability, resilience and sustainability 

of alternative strategies based on their performance across multiple 

objectives and future scenarios under typical annual conditions.  

5. Identify and assess the main performance trade-offs associated with the 

integrated assessment of strategies for reliability, resilience and 

sustainability through relevant multiple criteria (environmental, social, 

economic). 

6. Assess the robustness of alternative strategies based on their reliability, 

resilience, sustainability across future scenarios. 
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7. Explore the near-term and long-term planning implications for the 

adaptation and management of the IUWWS based on the previous 

assessments. 

The accomplishment of these objectives aims to answer the research questions 

shown in Table 1.1 (references to thesis chapters are also indicated). 

Table 1.1: Relationship between objectives, research questions and contents 

developed in this thesis. 

Objective Research Question Thesis Chapter 

Objective 1 
What are the main knowledge gaps to be 

investigated? 
Chapter 2 

Objective 2 
Which strategies can provide a wide portfolio of 

catchment options for the IUWWSs? 
Chapters 3 and 4 

Objective 3 
Which threats are key for the IUWWS and how 

are these developed into scenarios? 
Chapter 3 

Objective 4 
How can we assess strategies for reliability, 
resilience and sustainability accounting for 

multiple criteria and scenarios? 
Chapter 3 

Objective 5 
What are the main trade-offs involved in such 

assessments? 
Chapter 5 

Objective 6 
Which strategies are robust across future 

scenarios? 
Chapter 6 

Objective 7 
What are the implications for the compliance 

and adaptability of strategies? 
Chapter 7 

1.3. Outline of Thesis Chapters 

This thesis consists of eight chapters, interacting as shown in Figure 1.1. The 

present chapter (Introduction) describes the background and motivation of the 

research project, the main aim and objectives to be achieved, and the thesis 

structure. 
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Chapter 2 reviews the existing literature in the following topics: approaches to 

urban stormwater and wastewater management; uncertainty in urban water 

systems and decision methods that incorporate future uncertainty; planning and 

decision tools for green infrastructure; performance criteria in drainage 

infrastructure assessments and, in particular, green infrastructure; integrated 

modelling tools for urban wastewater systems and modelling tools for green 

infrastructure. This chapter identifies the main research gaps to be addressed in 

the following chapters. 

Chapter 3 describes and justifies the main concepts and methods (i.e. research 

framework) employed in this thesis to achieve the aim and objectives outlined 

above. This includes: the development of socio-economic scenarios to define 

future conditions in the year 2050; the definition of the concepts of threat, 

impact and consequence and their relationship with mitigation, adaptation and 

coping strategies; the conceptual definition of reliability, resilience and 

sustainability in the context of IUWWSs; the development of a regret-based 

Results and Discussion 

Chapter 7 
Dynamic Assessment of 
Transient Scenarios for 

Strategic Planning 

Chapter 5 

Multi-criteria and Trade-
Offs Analysis 

Chapter 6 
Robustness of Strategies 
for Reliability, Resilience 

and Sustainability 

Chapter 8 
Conclusions and 

Recommendations 

Chapter 4 
Application of Framework 

to Case Studies 

Chapter 1 
Introduction 

Chapter 2 

Literature Review 

Chapter 3 
Framework of 

Research 

Figure 1.1: Thesis structure and interactions between thesis chapters 

Conceptual 
inputs 

Case study 
inputs 



37 

approach to multi-criteria analysis and robustness; and the development of a 

method to assess the compliance and adaptability of urban drainage 

interventions.  

Chapter 4 provides a description of the case studies used in the thesis including: 

details of the integrated wastewater system sites; descriptions of the integrated 

wastewater system models used in each case; the applied representation of 

future scenarios in each case; description and model representation of the 

proposed strategies; and additional details required for the integrated 

assessment. 

As shown in Figure 1.1, Chapters 5, 6 and 7 (i.e. results and discussions 

chapters) take conceptual inputs from Chapters 3 and specific case study inputs 

from Chapter 4 to develop their analysis. These specific inputs are explained in 

more detail in Chapter 3. 

Chapter 5 presents multi-criteria analyses of strategies associated with 

performance objectives for reliability, resilience and sustainability. The trade-

offs consistently occurring in each strategy across future scenarios are 

identified and discussed. 

Chapter 6 presents and discusses the robustness of the proposed strategies for 

reliability, resilience and sustainability under conditions including and excluding 

maintenance failure.   

Chapter 7 assesses and discusses the compliance of each strategy for different 

objectives along the timeline 2015-2050 and their potential to adapt to future 

conditions. 

Finally, Chapter 8 summarises the key findings and conclusions presented 

along the thesis, discusses the contribution and originality of the work, and 

provides recommendations for future research and application. 

Six Appendices are also included containing: details on the modelling of the 

benchmark case (Appendix A); design considerations (Appendix B); whole-life 

cost estimations for the proposed strategies (Appendix C); details on the 

modelling of the Durham and Newton Hall case (Appendix D); detailed results 

for reliability, resilience and sustainability indicators (Appendix E); weighted 
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regrets by objective (Appendix F); sensitivity analysis (Appendix G); and 

domains for simple adaptation targets (Appendix H). 
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2. LITERATURE REVIEW 

2.1. Approaches to Urban Stormwater and Wastewater Management 

2.1.1. Sustainability and Urban Water Management 

Traditional approaches to the management of urban stormwater aim at both 

maintaining public hygiene and protecting urban dwellings from local flooding. 

Such approaches have thus focused on the rapid removal of stormwater away 

from urban areas using rather standardised methods (e.g. the rational method) 

with little consideration for downstream secondary effects (Chocat et al., 2001). 

This has been typically done using end-of-pipe techniques which either carry 

stormwater flows mixed with domestic wastewater in the same pipe (combined 

sewers) or separately (separate sewers). As a consequence, stormwater 

management (SWM) has been dominated by rather reactive practices, 

systematically increasing the capacity of sewers as urbanisation processes and 

local flooding occurs, therefore contributing to the increase of stormwater peak 

flows and flood risk downstream (Marsalek et al., 2006). 

This relatively fixed approach has been reappraised since issues regarding 

water pollution control and environmental protection increasingly gained 

importance in research (Lijklema et al., 1993) and were subsequently 

incorporated into national and European legislation (e.g. EU Water Framework 

Directive). The reassessment of traditional urban drainage designs under this 

new paradigm highlighted the inefficient performance of such systems in 

achieving public hygiene, pluvial flooding and environmental protection 

altogether (Henze et al., 1997; Chocat et al., 2001). Indeed, common problems 

affecting these three key objectives still remain in most urban drainage systems 

as related to stormwater management, namely (Chocat et al., 2004): 

 Quantity problems: increase of stormwater generation as urbanisation 

and impervious areas expand; thereby increasing peak flows and 

downstream flooding; 

 Quality problems: direct quality impacts due to diffuse pollution (e.g. 

heavy metals and nutrients), CSO spills and discharge of untreated 
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separate sewer flows into watercourses; indirect quality impacts due to 

impairment of potential beneficial uses in receiving waters (e.g. water 

supply, recreation, bathing, fishing, amenity, etc.); 

 Ecological and environmental problems: derived from quantity (e.g. 

damage to habitats caused by channel erosion during high flow 

stormwater discharges) and quality impacts (e.g. long-term chronic 

degradation of watercourses due to diffuse pollution, acute pollution and 

fish kill from CSO spills, etc.); and 

 Operational problems in the sewer system and wastewater treatment 

plant: for example, impaired performance of wastewater treatment works 

due to rapid variations of storm flows and pollutant concentrations during 

wet weather (e.g. deterioration of primary clarifier performance). 

In addition to this, emerging issues such as the introduction of new chemicals 

with an uncertain effect on water environments, the cumulative impact of 

contaminants deposited on river beds and drainage systems, the challenges 

arising from the effects of climate change or the poorer condition of an ageing 

infrastructure, are all factors which may further compromise the performance of 

urban drainage systems in the future (Chocat et al., 2004). 

In response to this situation, technical solutions which reflect concern for the 

aforementioned problems have been proposed, generally in the form of 

“sustainable drainage systems” (SuDS) or “best management practices” (BMPs) 

(more details about the planning of SuDS will be given in the next sections). 

There is a trend to aggregate these terms under the concept of “green 

infrastructure” (GI), which includes all those practices that aim at mitigating 

stormwater management problems associated with urban developments by 

mimicking the natural processes of a catchment (e.g. by soaking up and storing 

water) (USEPA, 2012). Although these solutions have been commonly named 

using adjectives such as “best”, “low impact”, “sustainable”, “sensitive” or 

“alternative” (as in BMPs, LID, SuDS, WSUD and AT, respectively; a detailed 

study of this terminology can be found in Fletcher et al., 2014) their actual 

effectiveness in achieving what they pledge is largely unknown. The main 

reason for this is that attributes like “sustainability” are subjective per se.  
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Thereby, the consideration of numerous objectives for good urban drainage 

practice (i.e. as related to water quantity and quality) has been further expanded 

due to the introduction of the sustainability agenda as a cornerstone for optimal 

performance (i.e. environmental protection, social inclusion and economic well-

being) (Butler et al., 2003). Sustainable water management and, in particular, 

sustainable drainage has become the “golden rule” to propose new approaches 

to SWM problems ever since. 

The disparity and incommensurability of many of the objectives involved in 

sustainable urban SWM decision-making and their existing interrelationships  

requires the adoption of complex multi-objective approaches (Wong and Eadie, 

2000; Balkema et al., 2002). In this sense, collaborative projects such as 

SWARD elaborated decision-support guidance incorporating technical, 

environmental, social and economic criteria (see Table 2.1) that embrace all the 

relevant sustainability issues within water service provision systems (Ashley et 

al., 2004). However, even when appropriate criteria and indicators are selected 

in order to assess the sustainability of urban drainage options, “different 

individuals do not necessarily share the same standpoint on sustainability” 

(Ashley et al., 2008). Due to the subjective and elusive nature of the concept, 

sustainability is in fact an “unattainable goal”, it being thus more sensible to aim 

at “less unsustainable” solutions when comparing drainage options (Butler and 

Parkinson, 1997). 

Certainly, as perceptions on sustainability change this should therefore be “a 

process of learning and communication” which is “constantly reviewed and 

adapted in light of new information and knowledge” (Butler and Davies, 2011). 

Indeed, such a process is particularly important in SWM, whose effects extend 

outside mere stormwater issues and their solutions should similarly “move 

beyond just remedial technologies by combining technology, environmental 

policies and public participation” (Marsalek and Chocat, 2002). Nevertheless, 

the challenge in achieving “more sustainable” (or “less unsustainable”) solutions 

in SWM does not just lie in the variety of criteria to be assessed and accounted 

for but also on the complexity of phenomena controlling water quality or social 

processes, which goes beyond more deterministic problems like those 

associated with water quantity control (Chocat et al., 2004). 
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Table 2.1: The SWARD primary sustainability criteria (after Butler et al., 2003). 

Social Criteria Technical Criteria Economic Criteria 
Environmental 
Criteria 

Impact on risks to 
human health 

Acceptability to 
stakeholders 

Participation and 
responsibility 

Public awareness 
and understanding 

Social inclusion 

Performance of the 
system 

Reliability 

Durability, flexibility 
and adaptability 

Life cycle costs 

Willingness to pay 

Affordability 

Financial risk 
exposure 

 

Resource utilisation 

Service provision 

Environmental impact 

 

In practice, the pursuit of more sustainable urban drainage has been 

transformed to some extent to a debate of scale (Butler and Davies, 2011). It 

has been argued that as urban population rises (particularly in developing 

countries) and more sanitation systems are thus increasingly required, the 

inability to finance traditional centralised urban drainage based on end-of-pipe 

infrastructure will favour more decentralised solutions, which in turn are deemed 

“more sustainable” (Ho, 2003). 

Krebs and Larsen (1997) argued that source control measures (stormwater 

infiltration, stormwater use, reduced water consumption, reduced pollution load 

to the system, and sewage retention tanks) are more sustainable than 

“hardware” (i.e. extend or improve the construction of the system) and “software” 

measures (i.e. making better use of the current infrastructure), since they 

reduce the complexity and resource use intensity of the system as a whole. 

Measures aiming at improving the resilience of receiving waters were also 

considered beneficial by the authors from a sustainability viewpoint. Similar 

results were found by Butler et al. (2003) in an assessment of options to 

improve the sustainability of sanitary waste disposal through WCs using the 

SWARD criteria, which ranked stormwater source control, public information 

campaigns and sewer rehabilitation as preferred solutions. 

In this sense, Butler and Parkinson (1997) suggest a list of technical objectives 

for sustainable urban drainage in order of priority, whose application may well 

suit both centralised and decentralised systems, namely: 

 Maintenance of an effective public health barrier; 
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 avoidance of local or distant flooding; 

 avoidance of local or distant degradation/pollution of the environment 

(water, soil, air); 

 minimisation of the utilisation of natural resources (water, nutrients, 

energy/carbon, materials); 

 reliability in the long term and adaptability to future (as yet unknown) 

requirements. 

A summary of arguments typically used when debating the sustainability of 

centralised and decentralised solutions in urban drainage systems is presented 

in Table 2.2. 

The main issue here is to see whether centralised or decentralised systems fit 

in our “vision” of sustainability. As previously discussed, this view may be very 

different among differing individuals, and perceptions might change in light of 

new information and knowledge. Thereby, solutions which are adaptable in view 

of long-term scenarios can be considered more sustainable (Larsen and Gujer, 

1997). Indeed, “the more we invest in extending a given system (money or 

resources), the more we are stuck with its specific features and the more we 

tend to “use up” the existing infrastructure” (Krebs and Larsen, 1997). 

As a consequence of these it can be argued that traditional approaches to 

centralised systems are unsustainable. However, and more importantly, even 

when our views on centralised systems change, our perceptions regarding the 

sustainability of alternative approaches (whether these are positive or negative) 

might remain stagnant. A clear example can be found in decentralised systems, 

which are generally perceived as “harmless”,  “low impact” or “sustainable” 

when the reality is that, regardless of personal intuitions, “their impacts upon the 

environment, the economy and the society are not yet fully understood”(Chocat 

et al., 2004). Indeed, recent innovative drainage practice has mainly focused on 

environmental needs aiming at the mitigation of urbanisation impacts (e.g. 

attenuation of increased flows, sediment exports, and chemical and bacteria 

fluxes), whereas “little is known about the economic and social aspects” of such 

interventions (Marsalek and Chocat, 2002). This is particularly important as less 

unsustainable practice usually requires a “move from technical fixes to non-
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structural solutions (or a combination of both)” centred around social, economic 

and policy spheres (Vlachos and Braga, 2001). 

Table 2.2: Common arguments in support (pros) and against (cons) centralised 

and decentralised solutions in urban drainage systems (adapted from Butler 

and Parkinson, 1997; Harremoes, 1997; Henze, 1997; Ho, 2003; Chocat et al., 

2004; Rauch et al., 2005; Burn et al., 2012). 

 Centralised system Decentralised system 

Pros 

Proven effective and reliable 
technology to hygienically remove and 
dispose of domestic wastes and 
stormwater flows. 

Easier to monitor and maintain. 

Suits inner centres of urban areas 
where space is at a premium. 

Parallel debate to transport systems, 
where centralised public systems are 
considered less resource consuming. 

Communities select systems that suit the local social, 
economic and environmental conditions. 

Facilitates the integration of water, wastewater, 
stormwater and water reuse at the local level. 

Allows bottom-up decisions to be made at local 
community level (increases public awareness). 

Indirectly improves efficiency on wastewater treatment 
facilities. 

Potential to reduce potable water use. 

Perceived as low-tech, low-energy solutions. “Small is 
beautiful” views. 

Lower consequences of individual failure. 

Cons 

More severe consequences of failure 
(as related to CSO spills, flooding, 
etc.) 

Increasingly complex and expensive 
operation and control of drainage 
systems. 

More complex top-down decision-
making process. 

Promotes out-of-sight-out-of-mind 
behaviours (i.e. low public awareness). 

 

Decentralised responsibilities. Lack of manageability 
and control and maintenance which may lead to health 
hazards. 

Loss of economies of scale, though individually may be 
cheaper than centralised systems. 

Potential for extensive uncontrolled diffuse pollution 
events (e.g. groundwater contamination). 

Unclear performance and costs in the long term. 

Increased space requirements. 

“Ecologically complicated” and difficult to operate; 
unreliable 

The introduction of any decentralised solutions may be highly constrained by 

pre-existing infrastructure and centralised legacy systems, which will force the 

finding of compromises through higher degrees of hybridisation (i.e. co-

existence or combined implementation of both centralised and decentralised 

technological options) (Marlow et al., 2013). Indeed, as decentralisation may 

also affect additional systems (e.g. energy, waste) interrelated with the 

management of water systems, the potential interactions among these critical  

infrastructures become particularly relevant (Makropoulos and Butler, 2010). 

Recent studies have increasingly claimed that hybridisation and the “sun-setting” 

of centralised systems can improve the technical and economic performance of 
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new wastewater systems (Freni et al., 2010; Libralato et al., 2012; Eggimann et 

al., 2015). However, such positive outcomes could depend on specific 

background conditions (e.g. topography, scale effects, population density, land 

uses), whose characteristics may determine the successful implementation of 

such schemes (Woods et al., 2012; Sitzenfrei et al., 2013; Eggimann et al., 

2015). Recent developments in the stochastic generation of urban catchments 

has reported a promising method to overcome such barriers as results can be 

tested against those of multiple synthetic case studies (Sitzenfrei et al., 2013). 

In order to fully understand the consequences of SWM decisions from a 

sustainability point of view (whether they are centralised, decentralised or a 

combination of both), Integrated Urban Stormwater Management (IUSM) 

approaches, within which cause-effect relationships in the whole system are 

taken into account (e.g. like those involving stormwater management and their 

impacts on receiving waters), are needed (Rauch et al., 2005). Indeed, the 

consideration of individual components of the urban drainage system (i.e. 

sewage network, wastewater treatment plant and receiving water) and their 

particular performance in isolation has ignored the existing interrelations and 

interactions between these elements and has consequently missed 

opportunities for improvement and better understanding of the system as a 

whole (Schütze et al., 2002; Muschalla et al., 2008). As it will be explained 

within the next sections, modelling developments have already benefited from 

integrated approaches and have realised important causality relationships in 

drainage systems. 

Assessing the sustainability of decentralised stormwater interventions, thus 

proving or refuting the arguments in Table 2.2, requires a holistic approach to 

the problem of urban drainage, aiming at understanding their performance at 

the catchment-scale (Ashley et al., 2013; Kousky et al., 2013) and their impact 

on a city’s total water cycle (Burn et al., 2012). Furthermore, involving all 

relevant stakeholders, encouraging participation, agreeing ownership and 

accepting responsibility, and adapting to climate change are additional 

principles for successful integrated urban drainage to take place (Butler and 

Davies, 2011). Indeed, an increasing number of studies acknowledge the 

positive role of hybridisation in building flexibility and satisfying an ample variety 

of stakeholders and experts, presenting better compromises for the future 
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(Poustie et al., 2014; Lienert et al., 2014). Nonetheless, it is important to note 

that major impediments for this to happen have been reported at institutional 

level (Brown, 2005; Ellis and Revitt, 2010). Indeed, appropriate governance and  

institutional structures (legislation, political systems that allow for a fair and 

transparent decision-making process, trustworthy institutions, key stakeholders 

who are in favour of improvements and change) are essential for the successful 

implementation of these strategies (Malmqvist et al., 2006; Lienert et al., 2013; 

Dobbie et al., 2016). 

2.1.2. Resilience: A New Urban Water Management Paradigm 

As explained above, even though notions of sustainability based on dynamic 

views and change have been expressed in the past; most uses of the term have 

been framed within the static idea of a sustainable outcome that will remain 

stable in the long-term (i.e. “fail-safe”) (Ahern, 2011). This is equally reflected on 

sustainability indicators, which usually fail to provide information on the ability of 

systems to maintain (or improve) upon their current state over time (Milman and 

Short, 2008).  Paradoxically, this situation has developed in a context where 

unpredictable disturbances and changes have become increasingly important 

(i.e. “safe-to-fail” views) (Ahern, 2011).  

As a consequence, a shift has occurred toward concepts that could capture 

such system attributes and behaviours, introducing terms such as ecological 

resilience, resilience engineering, social resilience, economic resilience, etc. 

These developments remain, nevertheless, closely related to sustainability 

science, since sustainable outcomes rely on the ability of systems to withstand 

external uncertainties and perturbations, and, thus, “managing for resilience is 

the best possible way to enhance the likelihood of sustainability” in an uncertain 

future (Xu et al., 2014). Thus, resilience and vulnerability themes applied to 

coupled human-environment systems may importantly contribute to the trade-

offs examined within sustainability science (Turner, 2010). 

Definitions of resilience relevant to engineering systems can be found in the 

ecology systems literature, which initially confronted stability (i.e. capacity of a 

system to return to an equilibrium state after a temporary disturbance) and 

resilience (i.e. the capacity of a system to persist and maintain its function 
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regardless of disturbances) as the two distinct properties of ecological systems 

(Holling, 1973). Additional details on the development of the concept can be 

found in Folke (2006). 

Since then, the concept of resilience has evolved to characterise social-

ecological systems (SES) in their contribution to sustainable development 

through attributes associated with their adaptability and transformability (Walker 

et al., 2004). Fundamental differences have been established between two 

distinct views on resilience: ecological resilience and engineering resilience. 

The former view focuses on persistence, change and unpredictability (safe-fail); 

whereas the latter focuses on efficiency, constancy and predictability (fail-safe) 

(Holling, 1996). In summary, the main difference lies in the assumption, from an 

ecological resilience perspective, of whether multi-stable states exist or can 

exist to define suitable system designs. In this sense, Holling (1996) argues that 

the management of SES from an engineering resilience viewpoint induces the 

reduction of ecological resilience, as the drive for efficiency and constancy (i.e. 

short-termed outcomes) compromises the functional diversity that can maintain 

ecosystem function in the face of unexpected disturbances (i.e. long-term 

persistence). 

Indeed, more recent notions of engineering resilience in the realm of water 

engineering systems have insisted that sustainable designs may be only 

addressing standardised conditions (e.g. standard load, standard flows), while 

disregarding their function under more extreme circumstances (Lansey, 2012). 

According to Wang and Blackmore (2009), resilience can be classified into 

three aspects of consideration: 1) resilience against crossing a system 

performance threshold; 2) resilience for system response and recovery after 

negative impacts; and; 3) resilience for adaptive capacity and management. In 

this context, a more comprehensive definition of sustainability has been 

presented by Butler et al. (2015), whose design attributes could span across 

those of engineering reliability and engineering resilience (see Table 2.3). 

The advent of climate change as an interdisciplinary paradigm across 

environmental sciences has brought additional research attention into 

potentially catastrophic disturbances or changes affecting engineering 

infrastructure. The water sector in the UK has not been unfamiliar with these 
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trends, especially emphasised in the aftermath of the 2007 summer floods. The 

independent review on those exceptional events confirmed that UK critical 

infrastructure remained vulnerable to floods and that building resilience against 

flooding across scales was a necessary step to keep essential services running 

(Pitt, 2008). In this sense, the regulation of the water sector in the UK plays a 

crucial role in articulating investment actions to build infrastructure resilience. 

However,  the strong drive for efficiency in the UK water sector may have been 

detrimental to infrastructure resilience (Pitt, 2008), since “competitive markets 

might not ascribe enough value to resilience” (ICE, 2009).  

Table 2.3: Characteristics of reliable, resilient and sustainable systems, 

adapted from Butler et al. (2015). 

 
Example 

Properties 
Performance 

Objective 
Level of 
Service 

Time Horizon 

Reliable 
Resistant, 

Robust, Stable 
Avoid failure, 

fail-safe 
Within level of 

service 
Design Life 

Resilient 
Connected, 

Flexible, 
Diverse 

Overcome 
failure, safe-to-

fail 

Outside of level 
of service 

Design Life 

Sustainable 
Simple, Natural, 

Endurable 
Embrace failure 

Extends beyond 
level of service 

Whole Life 

The Flood and Water Management Act (2010) (HMSO, 2010) was conceived to 

address some of the previous issues; however, practitioners and experts insist 

that current infrastructure investment remains insufficient to support growth and 

to face major challenges in the future (ICE, 2014). More recently, the Water Act 

(2014) (HMSO, 2014) has placed a duty on Ofwat (the economic regulator for 

the water sector in the UK) to ensure the resilience of water and wastewater 

service providers. Nevertheless, the main purpose and drive of this Act is 

arguably to enhance the competitiveness of the market (i.e. with a focus on 

pricing and customer service), before any consideration for resilience is taken 

into account. 

Government action on the matter has been bolstered by a number of reports 

(e.g. Cabinet Office, 2014) and by support of research initiatives (e.g. UK 

Infrastructure Transitions Research Consortium; Hall et al., 2012); however, the 

integration of clear resilience mechanisms in the regulation of the water sector 
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is still a pending task, as well as the creation of effective inter-sectorial links 

between regulatory bodies to foster resilience across infrastructure systems (e.g. 

water, energy, etc.) (ICE, 2014). These are indeed crucial considerations, since 

the long-term resilience of a system requires reaching beyond current 

boundaries, using an approach where “strategic adaptation becomes more 

important than strategic planning, and decision makers need to embrace 

uncertainty rather than trying to eliminate it” (Fiksel, 2003). 

2.2. The Need to Adapt to an Uncertain Future 

As seen above, there is currently an interest to deal with present and future 

uncertainties, particularly those in the form of surprises and exceptional 

disturbances that could seriously affect engineering systems. As a 

consequence, the property of resilience is highly sought in urban water systems 

in an attempt to build the necessary attributes to adapt and transition to yet 

unknown conditions. 

In order to do this, the concept of uncertainty in the context of urban water 

systems must be first understood, as well as to identify the tools available to 

manage such uncertainties in the context of decision-making processes. 

2.2.1. Uncertainty in Urban Water Systems 

Uncertainty as a concept has been widely used in the literature, and many 

studies have put increasing attention into it; however, “there is neither a 

commonly shared terminology nor agreement on a generic typology of 

uncertainties” (Walker et al., 2003). Indeed, the use of the term spans from 

variability to error, depending on the context where uncertainty is being 

considered. 

Walker et al. (2003) described three dimensions of uncertainty in model-based 

decision making processes, namely: the location, the level and the nature of 

uncertainty. First, the location of uncertainty could either refer to: the context of 

the modelled system (i.e. uncertainty of its defined boundaries); the model 

uncertainty (i.e. related to its variables and established relationships); the model 

inputs; the model parameters (i.e. uncertainty associated with calibration data 
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and methods); or the model outcomes (i.e. accumulated uncertainty in the 

outcome of interest). Second, the level of uncertainty, ranging from the ideal 

determinism (i.e. total knowledge) to total ignorance, shapes our approach to 

decision-making  to minimise undesired impacts. Third, the nature of uncertainty 

(i.e. epistemic or variability uncertainty) may shed light into how to address such 

uncertainties. Epistemic uncertainty may be tackled by additional knowledge 

and research efforts that improve our understanding of the system; however, it 

may be that such new knowledge evidences further uncertainty. Variability (or 

ontological) uncertainty deals with measurable system properties that vary over 

space and time and which could be due to: the inherent randomness of nature; 

human behavioural variability; social, economic and cultural dynamics; or 

technological surprise. 

Ascough et al. (2008) reviewed these and other typologies of uncertainty in 

environmental decision-making, classifying them into four groups (see Figure 

2.1): knowledge uncertainty; variability uncertainty; linguistic uncertainty; and 

decision-making uncertainty. 

 

Figure 2.1: Typologies of uncertainty in environmental management and 

decision-making (after Ascough et al., 2008). 
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Deletic et al. (2012) identified sources of uncertainty in urban drainage models, 

including: i) model input uncertainties (i.e. input data uncertainties and model 

parameter uncertainties); ii) calibration uncertainties (i.e. as related to: 

measured calibration data; measured calibration data selection, variability and 

choice; calibration algorithms; objective functions used in the calibration 

process); and iii) model structure uncertainties (i.e. as related to 

conceptualisation, equations and numerical methods). Their study also points at 

the existing interrelations between uncertainties, in particular as all the identified 

uncertainties will affect the calibration of model parameter values. Such 

interrelations add complexity to the potential propagation of uncertainties, which 

need to be carefully assessed. 

A comprehensive review of uncertainty types in integrated assessment 

modelling is provided by Rotmans and van Asselt (2001). Their study also 

discusses methods to manage uncertainty, including: sensitivity analysis, 

probability-based methods, formal scenario analysis, hedging-oriented 

methods, validation, the NUSAP approach, and pluralistic uncertainty 

management. The authors highlight pluralistic uncertainty management as a 

complementary method for qualified uncertainty management, as different 

perspectives are incorporated to assess the most salient uncertainties. In the 

words of the authors: “A perspective is then defined as a coherent and 

consistent description of the perceptual screen through which (groups of) 

people interpret or make sense to the world and its social dimensions, and 

which guide them in acting. A perspective thus comprises both a ‘world view’ 

(i.e. how people interpret the world) and a ‘management style’ (i.e. how they act 

upon it).” Applications of a perspectives approach to water management 

problems have been also reported in the literature (Hoekstra, 1998; Offermans 

et al., 2011). 

Following these ideas, Brugnach et al. (2008) proposed a relational approach to 

uncertainty analysis, where “the context of the socio-technical-environmental 

system in which it [the uncertainty] is identified” is taken into account. Under this 

view, uncertainties (like the ones identified above) move from being objective 

properties of a system “to include the human experience” (i.e. our multiple 

understanding and framing of the problem in question). The study justifies such 

an approach by pointing out that water management problems are highly 
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affected by framing issues (i.e. different views on the same problem stated by 

multiple stakeholders). The authors conclude that “the definition of a problem 

and what is uncertain about it depends not only on scientific or expert 

understanding, but on the knowledge, views, and preferences of the decision 

maker in relation to those of other actors with whom the decision maker 

interacts to make sense of the situation”. A similar view is shared by Ascough et 

al. (2008), as “the unfounded certainty about a perceived problem (particularly 

those shaped by normative assumptions and societal beliefs) may far outweigh 

technical or scientific uncertainty in the decision-making process”. 

2.2.2. Decision Support Methods to Incorporate Future Uncertainty 

The variability uncertainty introduced above (i.e. natural, human, institutional 

and technological) represents a large part of the “unfounded certainty” 

frequently assumed in traditional decision-making. Climate change and the 

understanding that climatic variability can no longer be predicted on the basis of 

historical records (i.e. climatic stationarity) has been a major factor in 

stimulating interest and research efforts into such sources of uncertainty 

(WUCA, 2010). 

Decision support methods need to incorporate these uncertainties to help 

decision-makers in the planning of urban water infrastructure systems as these 

can be well-informed and thus better prepared for and adapted to greater future 

uncertainties. However, standard approaches to decision-making (i.e. classic 

decision analysis) rely on assigning probabilities to future events and conditions 

whose actual likelihoods and outcomes are often unknown (Polasky et al., 

2011). Indeed, the reality is that such decisions are taken in a context of deep 

uncertainty “with plenty of competing viewpoints and values, no clear 

probabilities within any of them, and highly interrelated decision series over time” 

(Hallegatte et al., 2012). 

Thus, classic decision analysis attempts to quantify uncertainties through what 

is commonly referred to as “risk” (a measure of the probability and the 

consequences of the occurrence of an event), with a focus to seek optimal 

results for a given state of the system (e.g. a future state) (Hallegatte et al., 

2012). Such an approach aims at mathematically ranking decision alternatives 
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(i.e. alternative actions) against decision objectives based on an expected 

outcome (i.e. net benefit). This outcome (expressed in common metrics, such 

as economic value in cost-benefit analysis) is the joint product of the action and 

the state of the system, generating a set of conditional probabilities of outcomes 

given the action (Polasky et al., 2011). Planning options are usually illustrated 

through decision trees or influence diagrams, which may become challenging to 

analyse as the complexity and uncertainty of the problem increases (WUCA, 

2010). 

Scenario planning can overcome some of the issues from traditional decision 

theory as this method is based on the analysis of alternative plausible futures 

and is not required to assign probabilities or values to the alternatives. Socio-

economic scenarios allow decision-makers to think creatively and systematically 

about complex futures and to assess the robustness of alternative policy 

options under different states of the world (Polasky et al., 2011), which may 

include numerous economic, social, environmental, etc. factors. This is a 

transparent process that can be easily communicated and which is sound when 

insufficient information on probability functions and data is available and thus 

uncertainties cannot be well-characterised (WUCA, 2010). One of the 

challenges of scenario planning is to balance comprehensibility (i.e. a small 

number of scenarios) and comprehensiveness (i.e. achieving acceptable 

coverage of plausible futures), so that scenarios are defined by both the right 

level of detail and representativeness (Kriegler et al., 2010). Another limitation 

concerns its practical implementation, since not assigning probabilities may also 

constrain the usefulness of the analysis to decision-makers, who, in practice, 

may choose to postpone the decision to seek higher levels of certainty (Pomerol, 

2001). 

An example of such issues can be found in existing climate scenarios and their 

sensitivity to decision options, which importantly limit the development of 

adaptation measures in the long-term. New approaches have been proposed in 

order to reduce the reliance of decision-making processes on climatic scenarios 

(Dessai et al., 2005). These bottom-up approaches (a.k.a. adaptation-based, 

vulnerability-based or policy-first approaches) start by identifying “processes 

affecting vulnerability or adaptive capacity, normally independent of any specific 

future climate forecast” (Ranger et al., 2010). This contrasts with traditional top-
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down approaches (a.k.a. impact-based, predict-then-act or science-first 

approaches), which start by considering the expected impacts before identifying 

adaptation options to address potential vulnerabilities. 

Bottom-up approaches to scenario planning and analysis have been used in the 

context of water resources management, indicating that such methods facilitate 

participation and negotiation processes necessary for adaptation  (Dessai and 

Hulme, 2007). Methods such as decision-scaling allow tailoring climate 

projections to estimate probabilities of the climate states that are significant to 

the decision, reducing the climatic uncertainties involved (Brown et al., 2012). 

Adaptation tipping points (ATPs) have also been used (see Figure 2.2) to define 

points where the magnitude of change is such that current management 

strategies will no longer be able to meet our objectives (Kwadijk et al., 2010).  

 

Figure 2.2: Top-down approach (left) as compared to bottom-up ATP approach 

(right) for climate change adaptation in a water management context (Kwadijk et 

al., 2010) 

Similar approaches have been applied to flood and water management cases 

for the Thames estuary (Lowe et al., 2009) and an urban stormwater system in 
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the Netherlands (Gersonius et al., 2012). Recent developments, such as 

dynamic adaptive policy pathways (Haasnoot et al., 2013), complement the 

ATP approach with transient scenarios and social perspectives that permit to 

plan for near-term and long-term future uncertainties. 

In spite of their advantages, bottom-up approaches have been criticised on the 

basis of their reliance on expert judgement, the time and effort required to 

perform the analysis, the lack of clear methodology and the large qualitative 

nature of results which limit their comparability across studies (Füssel, 2007; 

Kwadijk et al., 2010). 

According to Hallegatte et al. (2012)  robust approaches are better suited to 

identify strategies or options with no or low regrets, which yield benefits even if 

forecasts prove to be wrong (also known as “win-win” solutions). Such 

adaptation options may be beneficial in the short-term and efficient in reducing 

long-term vulnerabilities such as those derived from climate change. Reversible 

or flexible strategies are also favoured by such approaches as well as strategies 

that involve ample safety margins or those that can reduce decision-making 

horizons (and therefore avoid long-term commitment through shorter-lived 

decisions).  

These approaches encourage adaptation strategies, whereby a combination of 

measures are used to meet particular goals and which may be beneficial in 

different ways, including (Willows et al., 2003): increasing the robustness of 

infrastructure designs and long-term investments; increasing the flexibility of 

vulnerable managed systems; enhancing the adaptability of vulnerable natural 

systems; reversing trends that increase the vulnerability to uncertainties; and 

improving societal awareness and preparedness. 

Classic decision theory methods incorporating some of these ideas have been 

conceived in the form of “option value”, i.e. the value of maintaining flexibility for 

future decisions and avoiding irreversible, or costly to reverse, outcomes 

(Polasky et al., 2011). The Real Options (RO) approach does not differ from a 

conventional cost-benefit analysis, except that “RO values the options created 

or destroyed by a project [i.e. a decision], alongside its expected net present 

value” (Hallegatte et al., 2012). Indeed, there is value in making a decision that 
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may not provide any benefit per se now, but makes it possible to implement 

another beneficial project in the future. RO combines classic decision analysis 

(i.e. decision trees) and financial theory (i.e. hedging concepts), allowing 

decision-makers to choose the appropriate investment opportunity based on 

current information and to defer investments into the future (WUCA, 2010). The 

method is nevertheless constrained by the assumption that uncertainties will be 

resolved with time as information increases and by its larger complexity as 

multiple sets of decisions must be included in the analysis (Hallegatte et al., 

2012; WUCA, 2010). 

Gersonius et al. (2013) applied a real “in” options approach (RIO) to an urban 

drainage system in the context of climate adaptation to manage the risk of 

flooding. RIO, as a variant of RO applied to the (re)design of infrastructure, 

“focuses on making changes to the system configuration in reaction to 

reductions in uncertainty through future learning”. This approach has been 

recently compared to the ATP approach using scenarios (Gersonius et al., 

2015), indicating that the benefits of both top-down (i.e. RIO) and bottom-up (i.e. 

ATP) approaches can be used to develop more integrative resilience-focused 

adaptation frameworks. 

The choice among robust methods in a context of uncertainty depends on the 

attitude of decision-makers to risk, which may favour different approaches.  

Willows et al. (2003) classify such methods in four categories: high-risk 

strategies (maximax, chooses the option that provides the best outcome); 

strategies to avoid under-adaptation (risk-averse approaches such as the 

precautionary principle or minimax); strategies to avoid over-adaptation 

(approaches precautionary with respect to the need to adapt and the cost of 

adaptation); regret-based strategies (precautionary approaches with respect to 

the possible benefits associated with opportunities for adaptation that might be 

missed by implementing a particular option). 

Indeed, decision-makers may shift between minimising the risk (e.g. 

precautionary principle) and maximising the expected utility of a specific 

decision. An example of the former is to establish thresholds that help to 

structure complex problems, so that actions can be ruled out when the 

threshold is violated (Polasky et al., 2011). Such ideas are incorporated into 
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resilience-thinking when considering the ability of a system against crossing a 

performance threshold (Wang and Blackmore, 2009). Similar approaches have 

been applied, for example, to the flexible optimal design of water distribution 

networks to account for uncertain future water demands (Basupi and Kapelan, 

2015). 

According to Lempert and Collins (2007) precautionary principle approaches 

often provide a poor basis for decisions because they do not permit balancing 

among competing goals and there is no way to consider the uncertainty 

regarding the level of dangerous interference. In this sense, the authors state 

that robust decision-making (RDM) approaches seem “to capture the underlying 

concept of the precautionary principle—that decision-makers should strive to 

prevent harm when future outcomes are deeply uncertain—but within a 

quantitative, decision-analytic framework that can represent the trade-offs 

implied by even poorly characterized risks”. RDM follows an iterative process 

that identifies robust strategies by estimating the performance of numerous 

strategies over many combinations of uncertain model inputs (Lempert et al., 

2006; WUCA, 2010). This is done by identifying clusters of scenarios where the 

strategies are potentially vulnerable and proposing hedging measures that can 

contribute to reduce such vulnerable outcomes (Hallegatte et al., 2012). While 

the RDM methodology can overcome the problem of the sensitivity of strategies 

to assumed future scenario conditions, the process has a number of drawbacks: 

it assumes substantial consensus among decision makers and stakeholders on 

the system under study; it does not provide detailed guidance on how to design 

plans that can be adapted over time, nor does it offer support for analysing path 

dependency and lock-ins; it is a costly and computationally demanding method; 

and may be challenging to explain to the stakeholders involved in the process 

(Hallegatte et al., 2012; Kwakkel et al., 2016; WUCA, 2010). RDM approaches 

have been applied to water engineering infrastructure planning for water 

resources (WUCA, 2010) and flood mitigation planning (Urich and Rauch, 2014). 

Non-probabilistic information-gap models (Info-Gap) have also been used 

following similar schemes as those of RDM. An Info-Gap model of uncertainty is 

a family of nested sets, each corresponding to a particular degree of 

knowledge-deficiency (i.e. uncertainty) according to its level of nesting (Ben-

Haim, 2004). The potentially pernicious or propitious effects of uncertainty are 
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thus represented by the concepts of robustness and opportuneness, 

respectively; i.e. as uncertainty increases robustness (the minimum reward for a 

decision option under a level of uncertainty) decreases, but opportuneness (i.e. 

the maximum reward for a decision option) increases (Hall et al., 2012b). Info-

Gap models combine these two criteria (i.e. maximise robustness to failure, or 

opportunity for windfall success) with the concept of robust-satisficing to 

evaluate the trade-offs among alternative strategies (Hall et al., 2012b; Korteling 

et al., 2013; Roach et al., 2015). 

2.3. Planning and Decision Support Tools for Green Infrastructure 

The implementation of sustainable drainage techniques (and of any drainage 

solution) should ideally be considered early in the planning process, so that a 

broader variety of stakeholders can be engaged in order to plan for SuDS along 

with other relevant features of urban developments (Shaffer, 2010). Even 

though this has been recognised, and SuDS are a mandatory part of the urban 

planning process in some parts of the country (i.e. Scotland, and underway in 

England), their implementation in UK cities has been generally limited to new 

developments and areas under redevelopment (Stovin et al., 2007). The limited 

use of SuDS in already built areas (retrofit SuDS) has importantly constrained 

their potential to mitigate urban drainage problems (e.g. sewer flooding, diffuse 

pollution risk) (Mitchell, 2005). This is mainly because most parts of the sewer 

network lacking capacity and frequently affected by bigger pollutant loads 

currently serve the larger impervious inner areas of city centres, on which 

drainage infrastructure was constructed to fulfil a more limited set of objectives 

(Brown et al., 2008). Thereby, the use of SuDS in new developments alone will 

not make a significant contribution to reducing flood risk and improving water 

quality (Environment Agency, 2007). Furthermore, the pace of change in new 

development interventions is slow and may hamper our ability to adapt the 

drainage infrastructure to a changing climate (Ashley et al., 2011b). 

Reasons behind the lack of success of SuDS retrofit schemes can be found in 

conflicts arising from legislation and regulations, stakeholder interactions, 

difficult planning conditions and problems in densely populated and constrained 

city centres, and a primary association of SuDS with new developments (Stovin 
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et al. 2007). In addition to this, the incentives to undertake complex retrofit 

planning initiatives are further diminished when other SuDS-related 

implementation impediments are also taken into account (e.g. perceptions on 

land requirements, ownership and associated whole-life costs, etc.) 

(Environment Agency, 2007). It is important to note that these are all issues 

also present in countries with long and successful experiences in the 

implementation of retrofit SuDS (Kameda and Fujita, 2008). To improve this 

situation there is a need to investigate the extent to which retrofit SuDS can be 

part of city-wide drainage strategies along with “new development and 

rehabilitation” schemes (Shaffer, 2010). In this sense, the multifunctional 

character of GI can potentially bring additional benefits to retrofitted areas (e.g. 

health and well-being, sense of place and community, amenity and recreation, 

biodiversity, climate change adaptation and mitigation, land management, 

property value, etc.) that go beyond water related objectives and enhance the 

quality and purpose of the infrastructure  (Digman et al., 2012). 

This multifunctional character may facilitate the retrofit process by unlocking 

many of the potential constraints described above. For example, by creating 

recreational areas that function as stormwater management devices during wet 

weather urban space is not “wasted” and public perceptions toward drainage 

infrastructure may be improved by showcasing the community value of GI, and 

by involving new parties and attracting the interest of the public (Ashley et al., 

2011b). 

The necessity to deliver retrofit solutions satisfying multiple objectives requires 

a serious consideration of options that simultaneously offer multiple value 

potential, beyond mere financial and technical issues (Ashley et al., 2011a). 

Indeed, the long-term evolution of urban water systems is rarely considered 

when evaluating the sustainability of the final solution (Bertrand-Krajewski et al., 

2000). This has been often seen in schemes aiming to remove surface water 

from sewers, where short-term costs have been deemed “too high” without 

consideration of the long-term impacts (Smith et al., 2011). In order to find fair 

compromises between a large set of objectives and criteria and therefore select 

truly “sustainable” urban drainage solutions, decision support systems and other 

tools (e.g. modelling tools) have been developed. 
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Initial efforts to investigate retrofit SuDS as a cost-effective alternative to sewer 

rehabilitation led to the development of tools that aid the systematic selection of 

the most adequate options (Swan and Stovin 2002; Atkins, 2004). However, 

these studies focused on improving CSO performance and sewer flooding 

without direct consideration of water quality objectives.  

Swan and Stovin (as shown in SNIFFER, 2006) developed a decision-support 

process for retrofit SuDS aiming to improve water quality and applied it to an 

industrial estate. The report identifies three main tools to evaluate the 

effectiveness of retrofit SuDS, including: a reviewed hierarchical classification of 

priority sites where retrofit SuDS can be most effective (see Table 2.4); the use 

of GIS data to characterise land-use and link this to retrofit SuDS potential; the 

use of treatment volume as an indicator of performance where quality models 

are not available. The authors report many unforeseen difficulties in the 

construction of hydraulic and water quality models due to the lack of data from 

the water utility. The study also highlights the potential of widespread 

downspout disconnections in industrial areas to solve their contribution to water 

quality issues and stresses the role of green roofs and pervious pavements 

within built areas with adequate conditions. 

Table 2.4: Proposed hierarchy for SuDS retrofit selection (Stovin et al., 2007) 

 Urban Surface Type 
Surface Water 
Management Train 

Mode of Operation 

 

 

Decreasing 
practicality of 
implementation 

 

 

Separately sewered 
system or branch 

Publicly-owned 

   Large Roofs* 

   Car Parks 

   Highways* 

Privately-owned 

   Large Roofs* 

   Car Parks 

   Residential Roofs 

Site/regional controls 

Source Control 

Conveyance and 
offside control 

Retention at source: 
green roofs and porous 
car parks 

Infiltration 

Disposal 

Storage 

Reuse 

*Water quality improvements may be maximised by disconnecting industrial/commercial roofs 

and/or highways; however adequate protection against local contamination needs to be ensured 

in the design of SUDS options. 
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Stovin et al. (2007) reviewed this and other UK case studies aiming at the 

implementation and design of retrofit SuDS. Their analysis pointed out that, 

even though cost-effectiveness is a factor to be considered, many successful 

retrofit schemes around the world rely on other important objectives (quality, 

amenity, etc.) to allow for their development. The authors recognise the 

increasing awareness and acceptability of SuDS, but recommend a series of 

legislative and technical changes to overcome important existing barriers (i.e. 

ownership, incentives, stakeholder engagement). To conclude, the report 

highlights the limitations of current deterministic models to assess water quality 

and the lack of data to verify them, suggesting the use of simpler GIS-based 

appraisal tools for the selection of suitable SuDS parallel to model and data 

collection developments. 

Montalto et al. (2007) first developed the Low Impact Development Rapid 

Assessment tool (LIDRA), which aimed at assessing the cost-effectiveness of 

LID techniques to control CSO spills in urban catchments. LIDRA’s newest 

version 2.0 is an open-sourced web-based application which helps planners 

evaluate the implementation rates of LID techniques and their life cycle costs 

(30-year simulations) given a set of scenarios that combine a variety of GI 

techniques (Yu et al., 2010). 

The use of GIS-based tools as a valuable approach for the selection and 

evaluation of surface water management practices in urban areas has been 

recognised, particularly in the sense that it eases the visualisation and 

realisation of the complex spatially-distributed impacts of stormwater drainage 

(Makropoulos et al., 2001; Ellis et al., 2011). Two main tools have been 

developed in the last decade integrating GIS and a range of other decision-

support resources for the evaluation and selection of SuDS/BMPs: SUSTAIN 

and SUDSLOC. 

The US Environmental Protection Agency (USEPA) has been developing the 

System for Urban Stormwater Treatment and Analysis INtegration (SUSTAIN) 

since 2003 as an innovative decision-support system for the selection and 

placement of BMPs in urban catchments. SUSTAIN consists of a land module, 

a BMP placement tool, a sewer module (SWMM), a BMP module (Prince 

George”s County, currently being modified) and a reach module (SWMM), all 
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integrated in a GIS (ArcGIS) environment (Lai et al., 2007). It also incorporates 

a cost optimisation module that permits the cost-effective selection of BMPs 

fulfilling a given set of quantity and quality objectives (Shoemaker et al., 2009). 

Lee et al. (2012) give recommendations of use by applying SUSTAIN to a real 

case study where flow volume and pollutant load reduction are analysed against 

cost. 

A similar tool (SUDSLOC) has been developed by the Urban Pollution 

Research Centre at the University of Middlesex in the context of the EU 

SWITCH project (Viavattene et al., 2008). SUDSLOC is a SuDS selection tool 

integrated in a GIS platform to which additional tools have been incorporated for 

the assessment of BMPs regarding sewer overflows, flooding risk and diffuse 

pollution. Viavattene et al. (2010) examined the effect of source control 

techniques (green roofs and permeable pavements) in sewer overflows in an 

inner urban regeneration development of Birmingham by coupling SUDSLOC 

and the hydraulic model STORM. Similarly, a coupled 1D/2D model 

(STORM/FloodArea) was integrated with SUDSLOC to study the behaviour of 

source control SuDS during extreme events (Viavattene and Ellis, 2011). Ellis et 

al. (2012) used SUDSLOC to evaluate the effectiveness of source control 

practices (green roofs and permeable pavements) in mitigating diffuse pollution 

risks in a similar urban setting. 

Bach et al. (2012) described the Biophysical Module (BPM) of the strategic 

planning tool DAnCE4Water (Dynamic Adaptation for enabling City Evolution for 

Water), which aims at the planning, design and implementation of suitable 

urban water infrastructure (including WSUD/SuDS) using given input scenarios. 

The authors presented the WSUD planning algorithm of the tool as able to 

evaluate and rank drainage options (infiltration systems, surface wetlands, 

bioretention systems, ponds and swales) at four different scales (namely: block, 

lot, street and neighbourhood) using multi-criteria assessments. 

The ReVISIONS (Regional Visions of Integrated Sustainable Infrastructure 

Optimised for Neighbourhoods) project has developed a holistic modelling 

framework for the planning of more sustainable urban development at different 

scales. The framework includes a series of models that assess environment 

sectors, such as water, energy, waste and transportation. The Water 
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Technology Options Model (WTOM) is one of these models, responsible for 

assessing water technologies, including SuDS (permeable paving, green roofs, 

swales and ponds), against sustainable criteria such as regional suitability, 

costs, collected and reused runoff, and carbon emissions associated with 

specific technologies (Ward et al., 2012). 

Selection tools for GI like those included in the decision support systems 

described above usually rely on multiple criteria against which specific 

techniques are screened out or ranked, given a set of user’s preferences (e.g. 

assigning weights to criteria). Such criteria must account for many of the 

economic, environmental and social factors that best match our definition of 

sustainable stormwater management in order to make appropriate decisions. 

However, deciding on what alternatives are best suited for all these criteria is 

not simple and Multicriteria Decision Analysis (MCDA) tools are powerful 

methods to overcome such limitations.  In other words, “the difficult part is to 

select the best combination of measures, which would meet the project 

objectives” (Marsalek and Chocat, 2002). 

Analysis of alternatives through MCDA can be performed in two essentially 

different ways: i) using aggregate value/utility function methods (e.g. MAUT, 

SMART, AHP), which assume that alternatives can be reduced to values and 

compared; ii) acknowledging that alternatives might not always be comparable 

and using an outranking approach instead (e.g. ELECTRE, PROMETHEE) 

(Butler et al., 2003). Some examples of MCDA used in GI studies are reported 

below. 

Ellis et al. (2004) presented a multi-criteria analysis methodology and flowchart 

for the evaluation of SuDS in highways and urban areas. The study used a set 

of primary criteria very similar to that presented in Table 2.1, subdividing them 

with additional secondary criteria that were in turn measured through adequate 

benchmark indicators. Exclusion criteria (concerning groundwater levels, space 

available, etc.) were also used to screen options out of the process. The 

authors recognised difficulties and limitations in prioritising criteria and 

quantifying certain indicators (particularly those related to long-term 

performance and O&M requirements), along with the importance and influence 

of stakeholder involvement within the process. 
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Similar methods consisting of decision-support matrices that evaluate SuDS 

against different sets of criteria (commonly grouped as site characteristics, 

technical performance, O&M requirements, costs, etc.) have been 

systematically used as an approach to outrank preferred SuDS techniques 

(CIRIA, 2007; Ellis et al., 2008; Pittner and Allerton, 2009; Scholz, 2006). The 

problem is that many of these indicators cannot be easily measured and 

quantified, adding uncertainty to the decision making process.  Martin et al. 

(2007) supported these with the multi-criteria analysis (MCA) methodology 

ELECTRE III and a French national survey on BMPs. The use of ELECTRE III 

was justified on: i) the flexibility of the method to account for different 

stakeholders” opinions, and ii) its fuzzy nature which “allows for uncertainties in 

performance evaluation to be accounted for”. As a final remark the study 

highlighted the importance of BMP performance evaluations in the process. 

Indeed, performance and site field data is critical to elaborate accurate models 

that can help  anticipate the effects of SuDS in drainage systems and receiving 

waters, thereby informing decision-making processes (Jefferies 2004). 

2.4. Green Infrastructure Performance Criteria and Evaluation 

2.4.1. Typical Performance Criteria 

As a consequence of the previous, a considerable amount of effort has aimed to 

quantify and evaluate the wide range of indicators shown in Table 2.5 to Table 

2.10, especially as related to pollutant removal efficiencies, hydraulic behaviour 

and costs (i.e. technical and economic criteria). 

As part of the DayWater project, Revitt et al. (2003) summarised the pollutant 

removal efficiencies of a range of BMPs installed in the UK and other European 

countries. The report considers that removal efficiencies expressed as 

percentage of the average difference between inflow-outflow values can be 

misleading when assessing low inflow concentrations, which may be biased by 

flow conditions. Further, it has been generally reported throughout the literature 

that pollutant removal efficiencies of SuDS drop as inflow concentrations fall 

(Jefferies, 2004). Another reason to avoid removal rates is that they do not 

provide a faithful picture of the ability of a system to address effluent standards 

(e.g. a system that removes 90% TSS might be regarded as highly efficient; 
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however, this will not be the case if the effluent it produces is 150 mg/l TSS). In 

this sense, the approach taken by the International Stormwater BMP Database 

(www.bmpdatabase.org), where representative median values for influent and 

effluent concentrations are presented as performance records, seems more 

adequate (see Table 2.11). 

 

http://www.bmpdatabase.org/
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Table 2.5: Commonly considered site characteristics criteria and indicators for SuDS selection. Adapted from (Revitt et al., 2005; Scholz, 

2006; CIRIA, 2007; Martin et al., 2007; Ellis et al., 2008; Pittner and Allerton, 2009). Indicators in bold are primary indicators in Revitt et 

al. (2005). 

Category Primary criteria Secondary criteria Indicators Unit of measure Collection method 

Site Characteristics 

Site area 

Drainage characteristics 

Land use 

Design storm runoff 
volume 

Contributing imp. area 

Receiving water body 
type 

Catchment type 

Commercial/industrial/…
(1) 

 

m
3
/ha 

m
2
, % of total area 

 

Stream/river/lake/coastal 

Water supply/fisheries/
(2)

 

Planning documentation, 
surveying and 

hydrological studies 

Physical constraints 

Site gradient 

Space availability 

Water table level 

Head availability 

%, rate 

m
2 

m (depth) 

m 

Surveying and geological 
studies 

Soil characteristics 

Infiltration 

Hydraulic conductivity 

Permeability 

Storage of unsat. zone 

Vegetation cover type 

m/s 

mm/h 

m
3
/ha 

none/grass/trees/… 

Surveying studies and soil 
testing 

Stability 
Liability to subsidence 

Seismic risk 

Yes/no 

Richter scale 

Geotechnical and seismic 
studies 

(1) Low density, commercial, industrial, residential, hotspot, contaminated land, brownfield, local road, construction site. 

(2) Freshwater fisheries, sites with ecological designation (e.g. SSSI, SACs), aquifers and surface waters for public water use, coastal and estuaries, waters for recreational 

use, habitat dependent on flow regime, flood risk, discharges to the sewerage network. 
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Table 2.6: Commonly considered technical criteria and indicators for SuDS selection. Adapted from (Revitt et al., 2005; Scholz, 2006; 

CIRIA, 2007; Martin et al., 2007; Ellis et al., 2008; Pittner and Allerton, 2009). Indicators in bold are primary indicators in Revitt et al. 

(2005). 

Category Primary criteria Secondary criteria Indicators Unit of measure Collection method 

Technical 

System performance 

Hydraulic control 

Design storm return 
interval storage volume 
Length of antecedent 
dry periods 
Response rate for 
superimposed events 

Ratio of storage to 
contributing area 
Number of floods per year 
within catchment 
Overflow frequency and 
duration 
Discharge or throttle rate 
Uniform flow distribution 

 
m

3
/ha 
 

days 
 

m
3
/ha/h 

 
ratio 

 
1…n 

 
1...n 
m

3
/s 

H/M/L 

Locally/externally 
monitored experiences 

with similar systems 
and/or hydraulic models 

Pollution control 

Probability exceedance 
for given target levels 

First-flush capture 
potential 
Solid/dissolved pollution 
retention 

% exceedance, H/M/L 

 
mm runoff/storm event 

 
% (mg/l); median 

influent/effluent values 

Locally/externally 
monitored experiences 

with similar systems 
and/or quality models 

Adaptability 
Ability to change over 

time 

Freeboard for storage and 
quality change 
Ease of retrofitting 
Costs of retrofitting 
Potential to recycle  

 
%; m

3
/lifetime 

H/M/L 
£ 

H/M/L 

Design specifications 

Impact on existing 
infrastructure 

Physical integration 
Integration with drainage 
infrastructure 

H/M/L Design considerations 

Operational integration 
Flow reduction to WWTP 
Reduced stormwater flow 

%; m
3 

m
3
/ha 

Design considerations 
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Table 2.7: Commonly considered O&M criteria and indicators for SuDS selection. Adapted from (Revitt et al., 2005; Scholz, 2006; CIRIA, 

2007; Martin et al., 2007; Ellis et al., 2008; Pittner and Allerton, 2009). Indicators in bold are primary indicators in Revitt et al. (2005). 

Category Primary criteria Secondary criteria Indicators Unit of measure Collection method 

Operation and 
Maintenance 

System reliability Risk management 

Probability of system 
failure 

Health hazards 

Provision for accidental 
pollution events 

Consequence of storm 
return interval exceeded 

Intervention procedures 

% 

 

Trophic state, bacteria, 
etc. 

H/M/L 

Flooding depth (m) 

Yes/no 

Risk assessments 

System durability Design life 

Operational lifetime 

System robustness 

Sedimentation rate and 
storage capacity 

Years 

H/M/L 

m
3
/year; % storage 

Design specifications 

 

Operation and 
maintenance servicing 

provisions 

Operation and 
maintenance 
requirements 

Frequency of O&M 
servicing 

Sediment disposal 

Risk of littering 

Need for remedial 
measures 

Need for 
pesticide/herbicide 

Need for monitoring 

Need for landscaping 
work 

H/M/L; frequency/year 

 

m
3
/year 

H/M/L 

H/M/L; frequency/year 

 

Tonnes/year 

 

H/M/L; frequency/year 

H/M/L; frequency/year 

Local and/or external 
monitored experiences 

with similar systems 
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Table 2.8: Commonly considered environmental criteria and indicators for SuDS selection. Adapted from (Revitt et al., 2005; Scholz, 

2006; CIRIA, 2007; Martin et al., 2007; Ellis et al., 2008; Pittner and Allerton, 2009). Indicators in bold are primary indicators in Revitt et 

al. (2005). 

Category Primary criteria Secondary criteria Indicators Unit of measure Collection method 

Environmental 

Impact on receiving water 
volume 

Flooding 

Draw-down times 

Downstream erosion 

Groundwater recharge 

Downstream protection 

Hours 

H/M/L 

m
3
/year 

H/M/L 

Hydrological and river 
studies 

Impact on receiving water 
quality 

Pollution control 

Treatment retention times 

Dilution ratios 

Litter/gross solids, etc. 

Receiving water 
classificatn. 

Groundwater quality 
impact 

Thermal effects 

Compliance with 
standards 

Hours 

Ratio 

H/M/L 

1…n 

1…n 

H/M/L 

 %/year 

Environmental and 
pollution control studies 

Impact on receiving water 
ecology 

Habitat and ecological 
diversity 

Receiving water 
hydrobiological scores 

Number of key species 
introduced/attracted 

Pests/vermin introduced 
Invasive/unwanted 
species 

Conservation status  

1...n 

 

1…n 

yes/no 

yes/no 

H/M/L 

Ecological and biological 
studies 

Other environmental 
impacts 

Resource use 

Materials use 

Energy use 

Carbon footprint 

H/M/L; £ 

kW/m
3 

storage; kW 

tCO2/m
3 

Life-cycle assessment 
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Table 2.9: Commonly considered social criteria and indicators for SuDS selection. Adapted from (Revitt et al., 2005; Scholz, 2006; 

CIRIA, 2007; Martin et al., 2007; Ellis et al., 2008; Pittner and Allerton, 2009). Indicators in bold are primary indicators in Revitt et al. 

(2005). 

Category Primary criteria Secondary criteria Indicators Unit of measure Collection method 

Social and Community 

Health hazards Risk assessment 

Local community 
concerns (injury, infection, 
drowning etc.) 
Formal technical risk 
exposure audit (flood risk, 
health risk, safety risk) 

% user 
 
 

H/M/L 
Surveys and risk 

assessments 

Acceptability 
Perceived acceptability 

and impacts 

Local community 
willingness-to-pay 
Acceptance of on-site 
treatment as opposed to 
conventional systems 
Willingness to participate 
in on-going site 
improvement 

H/M/L 
 

H/M/L 
 

H/M/L 

Surveys 

Amenity and aesthetics 
Social inclusion and multi-

functionality 
Amenity level H/M/L Surveys 

Public information and 
awareness 

Public awareness and 
understanding 

Interpretation boards, 
signals, brochures, etc. 
Awareness in 
local/regional community 
Use as educational and/or 
technical demonstration 
site 
Public meetings/hearings 

H/M/L 
 

% awareness survey 
 

Number of site visits; 
yes/no 

Number/year; yes/no 

Surveys and control of 
activities 

Sustainable development Sustainable urban living 

Contribution to urban 
sustainable 
development policies 

Role in Agenda 21 
Role in Biological Action 
Plans (BAPs) 
Additional benefits offered 
by different BMPs 

H/M/L 

 
H/M/L 
H/M/L 

 
Yes/no 

Assessment of systems 
against policies and 

regulations 
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Table 2.10: Commonly considered economic criteria and indicators for SuDS selection. Adapted from (Revitt et al., 2005; Scholz, 2006; 

CIRIA, 2007; Martin et al., 2007; Ellis et al., 2008; Pittner and Allerton, 2009). Indicators in bold are primary indicators in Revitt et al. 

(2005). 

Category Primary criteria Secondary criteria Indicators Unit of measure Collection method 

Economic 

Life-cycle costs 

Investment and 
operational costs 

Design and capital costs 

O&M costs 

Plant replacement costs 

Sediment disposal costs 

Site decommissioning 
costs 

£ 

£/annum 

£ 

£/annum 

£ 

Whole-life cost 
assessment 

Community costs 
Stormwater fees 

O&M fees 

Increase/decrease 

£/annum; yes/no 

Whole-life cost 
assessment 

Financial risks Risk exposure 

Cost-benefit analysis 

Investment loss risk 

Operational H&S risks 

Site reclaim value 

System failure insurance 

C:B ratio 

H/M/L 

Average loss (£) 

H/M/L; £ 

Yes/no 

Cost-benefit 
analysis/Whole-life cost 

assessment 

Affordability Long-term affordability 

Adoption and liability 
coverage 

Economic add-on value 
(enhanced land/property 
values) 

Amenity income streams 

Long-term management 
provision 

H/M/L; £ 

 

£/ha 

 

£/annum 

 

H/M/L; £/annum 

Whole-life cost 
assessment 

Land costs Land take Land costs £/m
2
 Land survey 
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Table 2.11: Volume reduction and pollution removal potential (expressed as median values of influent and effluent concentrations pooled 

from a number of studies) of selected SuDS. Adapted from the International Stormwater BMP Database (WWE Inc. and Geosyntech 

Consultants, 2011)  

SuDS 
technique 

Volume 
reduction 

mg/l TSS TDS TN TP FC (/100mL) Cu Pb 

Grass swales Medium 
Influent 

Effluent 

21.0 

10.0 

77.0 

70.0 

1.4* 

2.45* 

0.09 

0.09 
- 

12.0 

8.0 

4.3 

2.0 

Permeable 
pavement 

High 
Influent 

Effluent 

22.0 

14.0 
- - 

0.12 

0.10 
- 

13.0 

10.0 

5.9 

2.5 

Bioretention 
areas 

Low 
Influent 

Effluent 

50 

10 
- 

1.38 

1.09 

0.14 

0.13 
- 

18.0 

9.0 
- 

Grass strips Low 
Influent 

Effluent 

51 

18 

46.0* 

90.0* 

0.59* 

0.62* 

0.09* 

0.30* 

2628 

4724 

24.0 

7.0 

8.6 

2.0 

Detention 
basins 

Low 
Influent 

Effluent 

64.0 

24.0 

100.0* 

110.0* 
- 

0.16* 

0.21* 

749* 

813* 

10.0 

7.0 

10.0 

5.0 

Retention 
ponds 

Low 
Influent 

Effluent 

60.0 

12.0 

104.0* 

167.0* 

1.75 

1.27 

0.27 

0.11 

1971 

133 

10.0 

6.0 

10.0 

3.0 

Wetlands Low 
Influent 

Effluent 

20.0 

8.0 
- 

1.14* 

1.21* 

0.12 

0.08 
- 

6.0 

4.0 

2.0 

1.0 

*Values in italics express virtual negative removal values (this is commonly due to the overlap of influent and effluent confidence intervals on which the represented 

median is based on; this can be either interpreted as very low removal potential for the analysed technique or as pollutant source when a number of studies 

reported so or the intervals do not overlap). 
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It is important to note that SuDS are very site-dependent systems whose 

performance may be significantly affected by local characteristics (e.g. climate), 

monitoring regimes, operational conditions (e.g. influent pollutant concentrations) 

and the age of the system itself, often presenting a wide variability of values 

(Scholes et al., 2008). Unlike conventional drainage, SuDS are not one-size-fits-

all solutions and must be assessed and evaluated on a case-by-case basis, 

making it even more complex to extrapolate particular information (Stovin et al., 

2007). 

Scholes et al. (2005) complemented the previous studies with a novel approach 

which associated pollutant removal processes present in SuDS (physical, 

chemical and biological) with their potential to deal with 21 identified priority 

substances. This same approach was later used to compare the treatment 

potential of a range of SuDS techniques for 6 different pollutants (TSS, BOD, 

COD, nitrates, phosphates and faecal coliform) and specifically match their 

relative performance with field data on TSS removal (Scholes et al., 2008). 

Their rank seems to agree with the relative performance of SuDS reported 

throughout the literature. 

The uncertainty regarding long-term costs of SuDS has also been a matter of 

discussion, since operation and maintenance regimes for SuDS are often 

perceived to be higher than those required for conventional drainage (Duffy et 

al., 2008). An appropriate methodology to approach the economic assessment 

of SuDS has been to calculate the discounted whole-life costs (i.e. capital, O&M, 

environmental, monitoring, replacement and refurbishment, residual, disposal 

and risk costs relevant for the design-life of the system discounted to present 

value) (HR Wallingford, 2003). However, several barriers to undertake this 

approach to SuDS have been identified, including: lack of a standard approach 

to the whole-life cost problem, requirement to combine traditionally separate 

capital and O&M budgets, uncertainties in estimating maintenance costs, lack of 

historical data and the problem of extrapolating this into the future (Jefferies 

2004). Consequently, a holistic account of all these parameters in whole-life 

cost analysis for SuDS is rarely carried out and capital, operational and 

maintenance costs are most commonly used. In this sense, Lampe et al. (2005) 

developed a standardised whole-life costing protocol for SuDS which intended 
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to reduce common disparities between studies. A number of studies that have 

investigated the cost implications of GI are described below. 

Andoh and Declerck (1999) investigated the capital costs of upstream 

downspout disconnection and distributed storage in a range of hypothetical 

catchments and compared them to those of conventional sewer rehabilitation 

techniques; their results favoured the selection of source control as more cost-

effective solutions. 

The Environment Agency (2007) reviewed and quantified the potential benefits 

(water savings, reduced CSOs and flooding reduction) and costs (Capex, Opex 

and monitoring) of the widespread implementation of a range of retrofit SuDS in 

urban areas (permeable pavement, rainwater harvesting, water butts, swales, 

infiltration ditches and filter drains). Benefits such as diffuse pollution reduction, 

energy savings, recharge to aquifers, deferred investment in sewage treatment 

capacity, biodiversity enhancement and amenity value were not estimated in the 

study. The results summarised the economic superiority of permeable paving 

and water butts, highlighting the necessity to reduce the legislative constraints 

and poor marketability of these systems to date. Swales and infiltration ditches 

were not considered economically superior to conventional drainage; however, 

it was recognised that beneficial criteria not included in the analysis (e.g. 

environmental) might have affected these results and should be therefore 

included in future studies. 

Montalto et al. (2007) applied the LIDRA tool (described in the previous sub-

section) to assess the economic viability of LID techniques (green roofs, porous 

surface and rainwater harvesting) in a dense urban catchment of the New York 

area. Their results pointed out that LID interventions are a potentially cost-

effective means of reducing CSO spills at costs that are competitive or better 

than those of CSO tanks. Indeed, the beneficial effect of SuDS in reducing CSO 

spills has been widely reported (Stovin et al., 2013; Demuzere et al., 2014; 

Lucas and Sample, 2015). 

Duffy et al. (2008) compared whole-life costs (capital and maintenance costs) of 

four ponds and a wetland in the Dunfermline Eastern Expansion development 

(DEX) with estimates of conventional infrastructure (underground storage 
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chambers) for the site. The results showed SuDS to be more economic, even 

when, according to the authors, the systems at the DEX development were 

overdesigned and maintenance regimes greater than actually required. 

Finally, given the uncertainty of whole-life costs, a number of cost rates for 

capital, operational and maintenance activities associated with the 

implementation of SuDS have been compiled in a variety of studies (e.g. 

Committee on Climate Change, 2012; Swan and Stovin, 2007). 

As discussed above, it is generally difficult to find studies that consider and 

quantify monetary and non-monetary factors altogether to assess the economic 

value of SuDS. Nonetheless, Weiss et al. (2007) calculated the capital (land or 

pre-treatment unit costs were not included) and O&M costs for a range of BMPs 

(dry extended detention basins, constructed wetlands, infiltration trenches, 

bioretention filters and sand filters) and reviewed pollutant removal efficiencies 

(for phosphorus and total suspended solids) for each system. Both parameters 

(costs and water quality performance) were then related to required water 

quality volumes and concluded that constructed wetlands show better water 

quality performance and lower costs for a given volume. Such an approach can 

indeed help identifying beneficial techniques in terms of a direct relationship 

between costs and water quality impacts. 

A decision support tool to explore the cost benefit of separating surface water 

inputs from combined sewer systems using a range of measures (conventional 

upgrade of sewerage network; alternative disconnection of flows, including 

SuDS; and source reduction measures) was developed for the UK water 

industry (UKWIR, 2009). The tool’s spreadsheet quantified financial costs, 

adverse environmental and social impacts, financial benefits, environmental and 

social benefits, avoided financial costs, and adverse environmental and social 

costs avoided. Application of the tool to a theoretical case study was used to 

investigate the cost-efficiency of SuDS when compared to conventional 

interventions as to meet a defined level of service (risk of internal flooding). The 

SuDS scheme proved to be more cost-effective than the conventional option 

when the accounted benefits were limited to internal flooding and reduced 

pumping costs; however, accounting of additional benefits to the local 
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community and to the improvement of local water quality was required for the 

SuDS scheme to become cost beneficial. 

Bastien et al. (2010) argued that SuDS are often implemented without 

consideration of adequate treatment trains and, as a consequence, single “end-

of-pipe SuDS” (e.g. ponds) are commonplace. Their study examined the 

possible economies (in costs and land take) that source and site controls (green 

roofs, concrete block pavements, swales, site pond and linear wetlands) could 

induce into pond systems, due the enhanced capacity of the treatment train to 

deal with hydraulic and pollutant loads. Their results show that treatment trains 

are more costly and land intensive than end-of-pipe ponds alone; however, the 

authors highlight that the use of source controls can provide an alternative way 

of managing land take by developers, especially when double-purpose SuDS 

are used (e.g. permeable paving). 

The importance of treatment trains has also been reported in keeping the 

aesthetic and amenity value of ponds near to residential areas, thus improving 

water quality and attracting local wildlife (Bastien et al., 2012). Indeed, the 

visual and recreational value of ponds can improve the public willingness-to-pay 

and thus compensate construction and maintenance costs by introducing 

financing mechanisms (e.g. in the form of fees) in residential areas (Apostolaki 

et al., 2005). The negative side of public acceptability for SuDS lies mainly in 

health and safety concerns posed by regional systems, such as ponds and 

wetlands, although this perception is less common in well-established sites 

(Apostolaki et al., 2005; Bastien et al., 2012). In this sense, acceptability of 

surface SuDS is closely linked to public information and awareness which can 

help to decrease negative perceptions (Jefferies, 2004).  

This last point may be particularly relevant in source control systems whose 

benefits do not often include appealing aesthetic values. The social 

acceptability of source control SuDS, such as rainwater harvesting schemes, 

has been reported to be more challenging as they present a wider range of 

barriers to overcome (e.g. unfamiliarity with unconventional systems, capital 

outlay, O&M issues, health and safety) and little expertise is available; 

frameworks for change and adoption have been proposed for application in the 

UK (Ward, 2010). 
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2.4.2. Trends in Performance Criteria for Green Infrastructure 

Although the performance of GI has been mainly evaluated in terms of flooding, 

CSO alleviation, effluent quality and costs, there is a recent interest to assess 

broader impacts within the drainage system (e.g. energy use, carbon footprint 

and greenhouse gas emissions, ecosystem services). Many examples in the 

literature have examined these impacts for water distribution and wastewater 

networks and treatment plants (Environment Agency, 2008; Stokes and Horvath, 

2009; Corominas et al., 2010; Mo et al., 2010; Porro et al., 2011; Hall et al., 

2011). However, there are a limited number of studies looking at the 

contribution of GI to carbon emissions. Indeed, surface water management 

should be understood as part of a wider holistic strategy to reduce the carbon 

footprint of the water industry and not as a “single-track” solution for the future. 

According to Ainger et al. (2009) such a multi-faceted approach must also 

include: decarbonisation of the electricity industry, exploitation of renewables 

within the water industry, encouragement of water efficiency among consumers, 

development of risk-based decision-making that balance water quality against 

carbon mitigation, reduction of levels of pollutants at source, decentralisation of 

water supply, development of new technologies, effective policy change, and 

development of financial incentives. 

Life cycle assessment (LCA) is defined according to the BS EN ISO 

14040:2006 (BSI, 2006a) as the “compilation and evaluation of inputs, outputs 

and potential environmental impacts of a product system throughout its life 

cycle”. Frequently this analysis includes a variety of impacts, such as global 

warming potential, acidification, eutrophication or ozone depletion. The 

standards for LCA give guidance on how to quantify and normalise the 

evaluated impacts so as to combine them in a single score or similar valuation 

method. However, the increasing relative weight of global warming impacts in 

the political agenda (i.e. carbon equivalent emissions) has encouraged the 

publication of specific guidance to clarify the implementation of LCA standards 

in relation to the assessment of GHG emissions (e.g. BS ISO 14064-1).  In the 

UK, the Publicly Available Specification PAS 2050:2011 (BSI, 2011) provides 

particular principles and techniques for the life cycle assessment of GHG 
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emissions of products and services. A new document is being prepared under 

the standard ISO 14067 (ISO, 2012). 

Data sources and accuracy are major barriers when carrying out LCA. The 

construction of appropriate and sound inventories (LCI) is therefore crucial, 

commonly sourced from a variety of datasets. Similarly, determining which 

impact categories should be included in the assessment (LCIA) is not a 

straightforward task. Additionally, even when the previous barriers are 

overcome, the interpretation of results can also present difficulties, especially 

when a large set of impact categories are involved and trade-offs between the 

analysed categories are more likely to happen.  

One of the first LCA applied to BMPs was reported by Kirk (2006) in a “cradle-

to-grave” analysis that evaluated the long-term environmental and human 

health impacts of a number of BMPs (subsurface treatment and storage, wet 

pond, bioretention cell, and sub-surface flow gravel wetland) installed to treat 

runoff from a parking lot. The carbon footprint of each BMP was estimated as 

part of the assessment, finding rather similar profiles, with the bioretention cell 

and wetland being the least carbon intensive. The complete assessment 

included a variety of indicators from the USEPA TRACI model (acidification, air 

pollutants, eco-toxicity, eutrophication, human health, etc.) The results of the 

study showed that the most advantageous system was the gravel wetland, 

followed by the bioretention cell, the wet pond and the subsurface system. 

In a similar study carried out by Flynn (2011), two GI systems representative of 

the Philadelphia area (rain garden and a green roof system) were compared in 

terms of their environmental and economic impacts throughout a 30-year life 

cycle (including construction, operation and decommission). Additionally, the 

study quantified life cycle avoided emissions arising from stormwater 

management benefits, carbon sequestration and building energy savings. 

Although the green roof scored higher in the operational phase, the lower 

construction and decommissioning impacts of the rain garden ensured a far 

lower life cycle impact (including compensation of life cycle carbon emissions). 

Kosareo and Ries (2007) evaluated the life cycle environmental impact 

(including global warming, in terms of CO2 emissions) and benefit (i.e. building 
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energy use reduction) of intensive and extensive green roofs as compared to a 

conventional ballasted roof in a Pittsburgh case study. A dimensionless overall 

impact score was calculated using LCIA Impact 2002+ (weighting the impacts 

derived from human health, ecosystem quality, climate change, and resources 

depletion). Their results reflect the better performance of intensive and 

extensive roofs, for both carbon footprint and the aggregated scores. 

Taylor and Barrett (2008) quantified the “carbon signature” of a number of 

surface drainage techniques (drain inlet insert, hydrodynamic separator, wet 

pond, sand filter, infiltration basin, vegetated swale and detention basin) based 

on experiences in southern California. Their evaluation included the carbon 

footprint estimation of construction and maintenance operations for an assumed 

operational life of 20 years. The maintenance footprint of each technique was 

adjusted using a factor computed as the average of removal efficiencies for 

representative pollutants. Their results show that swales and infiltration basins 

are the least carbon intensive of the evaluated options, being drain inlet inserts 

and hydrodynamic separators the devices with the largest carbon footprints. 

The Environment Agency (2009) carried out a study to determine the potential 

of eight retrofit and new SuDS techniques in reducing costs and emissions (i.e. 

those associated with wastewater pumping). Whilst the study found that half of 

the retrofit SuDS investigated had a carbon payback period lower than 25 years, 

the report concluded that SuDS are not a cost-effective way of reducing 

emissions or costs on a life-cycle basis, particularly in new developments where 

stormwater is directly discharged through a separate sewer infrastructure and 

additional centralised pumping and treatment is not required. This conclusion is 

based on the estimated marginal abatement cost, which reflects the cost of 

mitigating emissions through the use of each system within its life cycle (i.e. net 

present value of life cycle costs divided by net life cycle emission savings).  

Notwithstanding these conclusions, the authors insist on the important role that 

SuDS can play in climate change adaptation and water management. It is 

important to note that broader benefits in emissions reduction were not 

considered in the study, such as reduced emissions deduced from flooding 

mitigation, diffuse pollution risk mitigation, reduced CSO spills, drainage 

network operational savings, etc. 
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Andrew and Vesely (2008) applied the ISO 14040:2006 LCA methodology to 

analyse the energy and carbon footprint performance of a monitored rain 

garden and a hypothetical sand filter for road runoff management on a site in 

New Zealand. The boundaries of the study included emissions from 

construction, maintenance and disposal (“cradle-to-grave”) of both stormwater 

systems, but ignored potential operational benefits (e.g. carbon sequestration, 

stormwater management benefits). The evaluation found that the rain garden 

performed better than the sand filter, highlighting the contribution of transport 

and on-going maintenance to the total footprint. The authors acknowledged that 

site-specific conditions are crucial in such assessments and that system 

performance can vary significantly when considering a wider range of decision 

criteria. 

Spatari et al. (2011) studied the avoided GHG emissions (including construction 

materials, transportation, and annual reduction in stormwater collection and 

treatment from the site) in a street regeneration scheme using permeable 

pavements and street trees, as compared to conventional street reconstruction. 

A LCA model was used to estimate the GHG emissions associated with the 

permeable paving scheme, resulting in an overall reduction over time; however, 

these were considered too small when compared to the emissions of the 

materials required to implement the scheme, translating into long payback 

periods (between 70-100 years). Nevertheless, the authors suggested that the 

implementation of such systems throughout the urban catchment may have 

important beneficial impacts that overweigh these results. 

A broader study carried out by Moore and Hunt (2012) investigated the carbon 

footprint of stormwater control measures (wet ponds, constructed wetlands, 

bioretention systems, sand filters, level spreader-grassed filter strips, permeable 

pavement, green roofs, and rainwater harvesting systems) and stormwater 

conveyance systems (reinforced concrete pipe, concrete swales and grassed 

swales). Their study accounted for: embodied carbon of construction materials 

and construction; and maintenance and carbon sequestration by vegetation in 

landscape over a 30-year period; however, end-of-life emissions or indirect 

emission reductions affected by the stormwater control systems (e.g. embodied 

carbon of irrigation water when using rainwater harvesting systems) were not 
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considered. Their conclusions confirmed that the embodied carbon of 

construction materials represents a prominent part of the lifetime carbon 

footprint of green roofs, permeable pavements, sand filters, rainwater 

harvesting and reinforced concrete pipes; whereas material transport and 

construction dominated that of bioretention systems, ponds, wetlands, filter 

strips and swales. Thus, decisions regarding material sourcing (or assumptions 

made for life cycle assessments) may importantly impact the resulting footprint 

of these systems. Overall, construction and maintenance regimes are regarded 

as an important source of carbon, and therefore an obstacle to achieve carbon 

neutrality over operational lifetime (only attained by wetlands and swales in the 

assessment). 

As pointed out before, embodied carbon emissions depend on many factors, 

including: construction methods, transportation distances, materials sourcing, 

etc. Thus, it is reasonable to assume that these emissions can significantly vary 

from case to case and that local conditions can importantly affect the ability of 

GI to achieve carbon neutrality. 

Four of the considered studies (Kirk, 2006; Kosareo and Ries, 2007; Moore and 

Hunt, 2012; Spatari et al., 2011) assessed one or more than one conventional 

systems along with the GI options. All these studies revealed a better carbon 

footprint performance of GI solutions as compared to their conventional 

counterparts over time; however, Spatari et al. (2011) opined that such benefits 

“can be small and slow to accrue compared to the materials needed to 

implement those strategies”, which supports the idea that long payback periods 

may be still expected for some GI solutions. 

The majority of the studies analysed in the review included other criteria in their 

assessment, in addition to carbon emissions; however, these tended to be 

limited to environmental factors, and few included socio-economic impacts. In 

general, there was a correlation between reduced carbon footprint and overall 

good environmental performance. In those studies including cost impacts (Kirk, 

2006; Environment Agency, 2009a; Flynn, 2011) there was also a clear 

correlation between higher carbon footprint and higher costs, mostly due to the 

impact of materials and fuel consumption at the construction stage. 
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In the UK, the water industry (through the UK Water Industry Research, UKWIR) 

pioneered guidelines for the inclusion of whole-life carbon accounting in asset 

investment decisions (UKWIR, 2008, 2012). Their approach gives 

recommendations on the application of LCA (e.g. boundaries of the analysis, 

datasets regarding carbon emission sources and emission factors commonly 

used across the industry) as well as assisting the development of strategies for 

carbon footprint reduction. 

In view of the reviewed studies, a summary of the relationship between 

elements and terms frequently used within the reviewed studies (particularly in 

those that carried out a life cycle assessment (LCA) of GI alternatives) is 

presented in Table 2.12. The inclusion of end-of-life emissions (i.e. those 

derived from decommissioning and disposal of a given asset) in LCA has been 

a controversial matter of discussion, the reason being that even when a “cradle-

to-grave” approach may appear to be a more complete assessment of the 

carbon implications associated with an asset, the uncertainties involved in such 

analysis are very large in practice (UKWIR, 2012). 

However, such an approach can provide a better understanding of BMP’s 

environmental risk. In this sense, Taylor (2010) argued that the “eco-efficiency” 

of BMPs (i.e. the ratio of the lifecycle pollution removed by a BMP upon the 

lifecycle pollution created by that same BMP) cannot be adequately assessed 

unless the safe disposal of immobilised pollutants by BMPs is enforced by 

regulations ensuring that temporarily stored contaminants (those that persist in 

the system during its lifecycle) do not find their way back to the environment 

once the system is removed. This is particularly important when the potentially 

high lifecycle costs of BMPs require robust environmental risk assessments to 

justify their implementation. In order to achieve this whilst reducing the 

environmental impact of BMPs, Taylor (2010) proposes to transfer the 

responsibility of lifecycle environmental impacts of BMPs to manufacturers 

(EPR, extended producer responsibility), who can then deliver cost benefits 

more efficiently. 
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Table 2.12: Summary of the elements and activities commonly considered for 

the life cycle assessment (LCA) of the carbon footprint associated with green 

infrastructure (GI) for different LCA configurations. 

GI life cycle 
stages 

MATERIALS CONSTRUCTION OPERATION DECOMMISSION 

Carbon sources 

Extraction, 
processing and 
transport of raw 
materials to site. 

Transport of 
equipment and 
labour to site. 

Energy/fuel used 
for construction 
activities. 

Construction waste 
disposal. 

Transport of 
equipment and 
labour to site. 

Energy/fuel used 
for maintenance 
activities. 

Maintenance 
waste disposal. 

Transport of 
equipment and 
labour to site. 

Energy/fuel used for 
demolition activities. 

Waste disposal. 

Opportunities to 
reduce the 

carbon footprint 
of GI 

Sourcing of 
materials (local 
manufacturers, 
eco materials, 
etc.) 

Low-carbon 
construction 
methods and 
design. 

Low-maintenance 
design. 

Vegetation 
uptake. 

Avoided 
emissions from 
new grey 
infrastructure. 

Reduced 
pumping and 
treatment of 
combined sewer 
flows. 

Energy benefits 
from flooding or 
diffuse pollution 
mitigation. 

Reduced heat 
island effect, 
building 
insulation, etc. 

Easy to 
decommission 
design. 

Reusable/recyclable 
materials. 

Adaptable design. 

Carbon category Embodied Carbon 
Operational 

Carbon 
End-of-life Carbon 

LCA boundaries 

Cradle-to-gate 

Cradle-to-built asset 

Whole life cycle carbon assessment (UKWIR approach) 

Cradle-to-grave 

Independently of what approach to LCA is taken, the process of LCA 

elaboration, application and interpretation is a laborious and complex task which 

requires time and resources to be completed successfully. Such detailed and 

rigorous assessment is not always necessary (nor possible) for GI planners and 

decision-makers to screen a large variety of options that can potentially be 

implemented. More general automated tools can be used instead as a first 

stage before more detailed studies are undertaken. As a representative 

example of this, three main tools for the assessment of GI benefits and costs 

(including carbon equivalent emissions) are reviewed below: the Green 
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Infrastructure North West Toolkit, the Centre for Neighborhood Technology 

Green Values Calculator, and the SuDS for Roads Whole Life Carbon tool.  

The Green Infrastructure NW toolkit is a spreadsheet-based tool for the 

assessment of the value of green infrastructure projects across eleven 

categories: climate change adaptation and mitigation, water and flood 

management, place and communities, health and wellbeing, land and property 

values, investment, labour productivity, tourism, recreation and leisure, 

biodiversity, and land management. The tool quantifies and assigns a monetary 

value to the benefits of specific GI whenever this is possible (Green 

Infrastructure North West, 2011). 

In the U.S., the Center for Neighborhood Technology (CNT) has developed an 

online based green values calculator tool that quantifies and monetises the 

lifecycle benefits of GI in terms of: reduced air pollutants, carbon dioxide 

sequestration, compensatory value of trees, groundwater replenishment, 

reduced energy use, and reduced treatment benefits (CNT, 2009). The tool also 

performs a lifecycle cost estimation of GI and compares this to the equivalent 

costs of conventional grey infrastructure. 

The Whole Life Cost and Carbon tool was developed as part of the SuDS for 

Roads guidance (Pittner and Allerton, 2009), supported by the Society of Chief 

Officers of Transportation in Scotland (SCOTS) and the Scottish Sustainable 

Drainage Systems Working Party (SUDSWP). The tool is a free-to-use 

spreadsheet which includes sections to calculate total costs and emissions 

associated to the whole life (construction and maintenance) of common SuDS 

techniques used to treat road runoff. The carbon calculations are monetised by 

applying the Shadow Price of Carbon (SPC) and incorporated to the whole life 

cost calculation (SUDSWP, 2012). 

The increasing number of potential benefits to be included in similar 

assessments of green infrastructure has motivated the development of 

integrative tools that account for numerous benefits. These and other tools have 

been reviewed by Natural England (2013), providing recommendations on 

applicability to the UK. More recently, CIRIA (2015) has released a 

spreadsheet-based tool that monetises multiple benefits –including ecosystem 
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services– of green infrastructure schemes, accounting for uncertainty in their 

valuation. 

Regardless of the complexity of the tools used to quantify the benefits and 

impacts associated with GI, most of the methods and studies reviewed in this 

section monetise benefits and impacts to the environment. Indeed, carbon 

accounting and carbon monetisation are frequently indistinctively used in these 

studies. Even though the Social Cost of Carbon (SCC), the Marginal Abatement 

Cost (MAC) and the market price of carbon are conceptually different ways to 

value carbon emissions (DECC, 2009), all are part of a “carbon pricing” 

approach that has been recently questioned. 

The main criticism comes from the fact that carbon pricing valuations used in 

cost-benefit analysis of infrastructure projects have often a minimal effect on 

decision making (Jowitt et al., 2012). In other words, carbon prices are too low 

to make a significant impact on the huge costs of, for example, water assets 

(UKWIR, 2012). Another argument in favour of disaggregating carbon 

accounting from costs is one of transparency; if decisions are to be made 

promoting low-carbon solutions, it is therefore advisable to explicitly assess the 

potential trade-off  between carbon impacts and costs (or any other decision 

variable) (Jowitt et al., 2012). Indeed, the use of a SCC (a measure of the 

marginal damage associated with an incremental in GHG emissions) is 

fundamentally inconsistent with having a CO2e threshold target (UKWIR, 2012). 

2.5. Modelling the Integrated Urban Wastewater System 

2.5.1. Integrated Modelling Tools 

Approaches to the development of integrated models of urban water systems, 

comprising potable and sewer networks, land surface runoff and river waters for 

water quality control were proposed as early as the late 1970s (Beck, 1976); 

however, such approaches were largely constrained by technological limitations 

(i.e. computational capabilities), and it was not until the early 1990s that 

emerging interest and technological and scientific advances allowed further 

developments (e.g. Lijklema et al. 1993). These developments have taken place 

in parallel to the re-approach to the problem of urban water pollution and its 
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focus on water quality and ecological issues. Thereby, controlling pollutant 

loads (i.e. emissions) to receiving waters is no longer sufficient to guarantee 

satisfactory conditions in the aquatic ecology, and other characteristics (e.g. 

existing water quality, dilution capacity) should be also considered. 

The early development of integrated models focused on the realisation of the 

benefits that integrated control strategies (real time and off-line) could bring to 

the system in terms of receiving water quality performance (Rauch and 

Harremoes, 1999; Schütze et al., 1999). Several studies, for example, have 

consistently proven the weak connection existing between traditional surrogate 

criteria, such as the reduction of overflow volume, and the improvement of 

water quality indicators (e.g. dissolved oxygen) (Butler and Schütze, 2005; Lau 

et al., 2002; Rauch and Harremoes, 1999). 

Regulations have thus aimed at the integration of the entirety or parts of the 

urban drainage system, and are currently being updated. In the UK, the Urban 

Pollution Management (UPM) procedure introduced in 1994 (and subsequently 

updated in 1998 and in 2012) adopted a water quality perspective to deal with 

the consequences of wet weather discharges, particularly for the design of 

CSOs and stormwater tanks. This approach links environmental quality 

standards (EQSs) to be met by discharges to the self-purification capacity of 

receiving waters as to maintain the uses prescribed for that water body 

(environmental quality objectives, EQOs). The procedure takes a staged and 

pragmatic approach to the problem for the development of adequate physical 

models, emphasising the necessity for holistic, simple and water-quality-

focused deterministic models (Butler and Davies, 2011). 

Later, the EU Water Framework Directive (2000) has introduced a combined 

approach to the management of urban water pollution by embracing both a 

water-quality based (the so-called “immission-based” approach) and an 

emission-based strategy, to be considered depending on the importance of self-

purification processes with regards to discharges. It has been argued that even 

though such an approach offers greater degrees of freedom to propose 

solutions, uncertainties arise as causality relationships between urban drainage 

discharges and river systems are not yet fully understood (Rauch et al., 2005). 

These uncertainties are worsened as ecological quality is considered along with 
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water quality and the gap between scientific knowledge and simplistic regulatory 

frameworks widens (Schilling et al., 1996). Nonetheless, regulations require us 

to be able to link interventions undertaken within the wastewater system to 

beneficial or detrimental effects on the receiving water quality (Rauch et al., 

2005). In this sense, the development and use of integrated models have been 

particularly beneficial. 

However, the first problem to overcome is that the integration of existing 

subsystem models is not a straightforward task. This is mainly because 

individual models were not developed with the purpose of integration in mind. 

Integrated control strategies in particular require simulations of the models to 

run in parallel (not sequentially) as information from more than just one 

subsystem is demanded (Fronteau et al., 1997). Under these circumstances, 

the main barriers for integration are (Rauch et al., 2002a): 

 Interface problems between sub-models, derived from varying time 

resolutions between models and the incompatibility of state variables, 

processes and parameters (e.g. water quality processes in sewer models 

lack development and quality parameters usually relate to BOD, whereas 

treatment plant models use COD); 

 Problems of identification and testing of integrated models. Due to the 

need to calibrate and verify the models both individually and holistically, 

data availability (especially as far as water quality is concerned) 

becomes an issue, since collection campaigns are costly; and 

 Complexity and uncertainty. The integration of deterministic physical 

models involves many parameters and variables that introduce further 

complexity to the system, which may require a huge computational effort 

to run simulations. Additionally, most of the values of these parameters 

may not be known or cannot be known (e.g. stochastic parameters) and 

the combined uncertainties might compromise the reliability of the model. 

The reconciliation of sewer and treatment plant models thus requires a common 

description of all the processes involved within the system, so that a consistent 

set of variables and parameters can be used (Rauch et al., 2002a); these will 

mainly require modifications of the sewer system model description (Fronteau et 

al., 1997).   
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In order to avoid unnecessary complexity in the integrated model Rauch et al. 

(1998) suggest selecting subsystem models that are suitable for the proposed 

problem, starting from the river system by identifying the processes and 

variables that are relevant to the goals of the study and following the selection 

of plant and sewer subsystems as appropriate. 

Meirlaen (2002) used a simplified surrogate mechanistic model in an 

optimisation problem to both reduce the computational effort and avoid large 

datasets for the calibration of the simplified model. Instead, a complex 

mechanistic model was used to generate data to calibrate and verify the 

surrogate model which was in turn used in the optimisation exercise. 

Optimisation results can then be run in the complex model to be re-verified if 

required. 

In order to guide users through all these problems, guidance for modelling 

integrated wastewater systems has been recently elaborated. Muschalla et al. 

(2008) presented the HSG guideline document (complete version only available 

in German) as a step-by-step approach to model applications. The drainage 

group (WaPUG) of the Chartered Institution of Water and Environmental 

Management (CIWEM) has also prepared the Integrated Urban Drainage 

Modelling Guide particularly to support users in the development of Surface 

Water Management Plans (WaPUG, 2009). The guide provides detailed advice 

on data analysis and calibration/verification of models. 

The simultaneous simulation of the sub-models ideally requires a common 

simulation platform where exchange of information and even an integrated 

model construction are possible. In the last decade a number of integrated 

simulation platforms have been developed to allow for such functionalities. The 

main platforms and their capabilities are detailed in Table 2.13. 

Two main types of integrated models can be defined: scoping tools for the 

assessment of water management strategies in a total urban environment, and 

simulation platforms integrating models of the individual wastewater 

subsystems. The first category consists of conceptual models that simulate the 

impact of future management scenarios (whether they are related to water 

supply, land use, stormwater, wastewater, etc.) in urban areas. The Urban 
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Volume and Quality (UVQ) model can simulate water and contaminant flows in 

the urban water cycle in a daily time-step and serves as an assessment tool for 

a variety of water servicing options at allotment, neighbourhood and catchment 

scale (Mitchell and Diaper 2006). A similar but simpler tool, City Water Balance 

(CWB), has been developed in the context of the SWITCH project, aimed at 

simulating the dynamic balances of water, energy and pollutants at 

neighbourhood or city-scale by using five indicators: water demand/supply 

ratios, wastewater production, water quality, life-cycle energy, and life-cycle 

cost (Mackay and Last, 2010). 

The second category of integrated platform is commonly characterised by the 

integration of detailed physical models of the individual wastewater subsystems, 

although examples of conceptual models also exist (e.g. CITY DRAIN, 

SEWSYS). The Integrated Catchment Simulator (ICS) was one of the first 

examples of this kind running existing models (MOUSE, STOAT and MIKE 11) 

with feed forward/feedback of information throughout the system (Price and 

Vojinovic 2011). The problem with ICS is that the complexity of the sub-models 

may constrain its application (Rauch et al., 2002a). 
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Table 2.13: Capabilities of main integrated modelling platforms (adapted and expanded from Rauch et al. (2002a)) 

 SYNOPSIS ICS WEST SIMBA OpenMI CITY DRAIN ICM 

Developer Imperial College DHI, WRc Ghent University Ifak 
OpenMI 

Association 
University of 

Innsbruck 
Innovyze 

2-directional 
interactions 
between sub-
models 

No Yes Yes Yes ? ? Yes 

Simulation of 
control options 

Sewer system and 
WWTP only 

Yes Yes Yes ? Yes Yes 

Simulation of long-
time series 

Yes 
Under 

development 
Yes Yes ? ? Yes? 

Open simulation 
environment 

No No Yes Yes Yes Yes No 

Real case study 
reported 

Semi-hypothetical Yes Yes Yes Yes Yes ? 

Sub-models 
(sewer/WWTP/river) 

KOSIM/ASM1/DUF
LOW 

MOUSE/STOAT/M
IKE11 

KOSIM/WEST 
SWMM/ASM1-2-

3/SWMM 

SMUSI-
BlueM/SIMBA/Blue

M 

(other models can 
be implemented 

instead) 

Own blocks (open 
to modification) 

Infoworks 
CS/??/Infoworks 
RS/ ISIS/ HEC-

RAS 

Infonet (comms) 
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In this sense, SYNOPSIS was developed with the purpose of optimising the 

control of the wastewater system using partly conceptualised models; however, 

only sewer and WWTP are run in parallel, leaving the river system as a 

sequential element of the simulation process (Schütze et al., 2002). Lau et al. 

(2002) used SYNOPSIS in a semi-hypothetical catchment to test the 

appropriateness of CSO spill volume/frequency criteria as a pollution control 

measure; the study found that significant limitations derived from the 

interactions between WWTP and CSOs make these criteria unsuitable under 

many circumstances. Butler and Schütze (2005) applied SYNOPSIS to a similar 

case study, demonstrating the virtues of integrated optimal control in enhancing 

receiving water quality as compared to passive and local control. 

More simplistic sub-models can be found in the simulator platform WEST, which 

was originally conceived as a wastewater treatment plant model and currently 

offers an environment for the development of fast surrogate models for the 

purpose of long-time simulations (Meirlaen, 2002). The platform was used by 

Solvi (2007) in the simulation of 15 scenarios aiming to improve system 

performance in a case study in Luxembourg (including source control, 

operational improvements, and infrastructure rehabilitation and construction). 

The assessment was carried out using both emission and water quality criteria, 

concluding that the implementation of source control upstream in the catchment 

and WWTP control strategies are most effective in enhancing river water quality, 

whereas emissions criteria (CSO spills) are particularly important at river 

stretches close to the point of discharge. 

The MATLAB/SIMULINK platform provides a useful and uncomplicated 

environment within which sub-models can be integrated. An example of this is 

SIMBA, whose latest version 6 incorporates USEPA’s SWMM for the simulation 

of sewer and river models. SIMBA is particularly well suited for optimisation 

problems and testing of control strategies, allowing for the introduction of new 

routines based on the MATLAB language. Indeed, multi-objective optimisation 

has been performed using this integrated tool to assess the potential benefits of 

integrated control in a semi-hypothetical case study (Fu et al., 2008). In a 

previous similar study, Erbe et al. (2002) used an earlier version of 

SIMBA/KOSIM to investigate the effects of local, global and integrated control 
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using single-objective optimisations. Fu et al. (2009) also evaluated the 

implications of urban planning parameters (population size, density and water 

consumption) in river water quality using SIMBA 5, finding that population size 

and water consumption have the biggest impact on water quality. Similarly, 

SIMBA has also been used to investigate the optimal distribution and control of 

storage tanks as to mitigate the water quality impact of a new residential 

development in a semi-hypothetical case study, adding a cost function to the 

optimisation problem (Fu et al., 2010). 

The open source software CITY DRAIN is based on the same 

MATLAB/SIMULINK platform but consists of simplistic conceptual models that 

do not emulate the physical processes within the wastewater system (Achleitner 

et al., 2007). Nevertheless, CITY DRAIN has been successfully applied to a 

case study for calibration and validation, and a number of additional possible 

applications (e.g. real time control) have been proposed (Achleitner et al., 2007). 

The promising integrated platform Open Modelling Interface (OpenMI) has been 

conceived for the integration of models, particularly as related to environmental 

problems. The main advantage is that such platform can link as many models 

and parts of models as required, making it a very flexible tool (OpenMI 

Association, 2012). Important applications of OpenMI have been reported in the 

identification of critical water quality impacts in several drainage systems in 

Germany (Reußner et al., 2008). 

A number of integrated models have been developed for more specific 

purposes. Rauch et al. (2002b) elaborated the conceptual model REBEKA for 

the planning of urban drainage systems discharging into small alpine streams, 

reporting on the wide application of the model among Swiss practitioners. 

Finally, SEWSYS was developed to model substance fluxes in urban drainage 

systems and to potentially assess pollutant source control measures (Ahlman, 

2006). Conceptual models in SEWSYS simulate storm and domestic water 

fluxes as well as pollutant processes, such as atmospheric deposition and 

pollutant accumulation due to traffic and construction materials. Vezzaro et al. 

(2011) applied the model to analyse the contribution of stormwater to water 

contamination in terms of two priority pollutants (TSS and Cu) and to assess the 

effectiveness of source control techniques (roof and roads disconnections, and 
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increase the volume of an existing pond). The study reports many uncertainties 

from unreliable datasets and model simplifications, and uses Generalised 

Likelihood Uncertainty Estimation (GLUE) to evaluate the reliability of the 

results. 

As mentioned in previous sections, the assessment and selection of stormwater 

management alternatives can be carried out in different fashions according to 

the multi-criteria decision tool of choice. In the context of integrated modelling, 

finding an “optimal” solution becomes even more challenging as many 

parameters and processes included in the sub-models bring about additional 

uncertainties and complexity to the multi-objective problem. Further, multi-

objective problems rarely present a single optimum but many optima in the form 

of a set of non-dominated optimal solutions (i.e. Pareto optimal solutions or 

Pareto front) (Fu et al., 2010). In this context, MCDA methods often require the 

multi-objective problem to be simplified by translating it into a simple-objective 

one, a technique by which optimal solutions may be left out of the decision 

process. 

The classical approach to solve this type of problem in the field of urban 

drainage is by using linear programming. This method requires the linearization 

of a non-linear problem, which commonly leads to oversimplification and 

suboptimal solutions (i.e. local optima) (Rauch and Harremoës, 1999b). In 

contrast, global optimisation methods (e.g. evolutionary algorithms) do not 

require to make assumptions based on the local properties of the objective 

function and are suitable techniques to find global optima (Schütze et al., 2002). 

Randomised methods such as evolutionary algorithms evaluate a population of 

solutions in each iteration instead of just one, being thus better suited for multi-

objective optimisation problems in order to find Pareto optimal solutions 

(Muschalla, 2008). The downside of such a method is the numerous runs, and 

therefore the computational effort, required for the optimisation to be successful. 

The potential application of genetic algorithms in different areas of urban 

drainage modelling has been mainly identified in three main areas, namely: 

model calibration, model-based predictive control and multicriteria decision 

analysis (Rauch and Harremoës, 1999b). Multi-objective problems using 

genetic algorithms in integrated urban drainage systems have mainly focused 
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on optimal control and rehabilitation of wastewater networks. Examples of these 

are described below. 

Rauch and Harremoës (1999a) reported that the use of genetic algorithms for 

the predictive control of urban drainage systems allows the optimisation of the 

system to be carried out directly with respect to receiving water quality 

indicators, in contrast with the suboptimal performance of the system when 

using surrogate objectives, such as minimising overflow volume. Their study 

highlights the potential importance that this might have on real time control. 

In this sense, Butler and Schütze (2005) compared the performance of three 

control scenarios (fixed set-points, optimised set-points and integrated control) 

optimised in relation to direct receiving water quality indicators (e.g. dissolved 

oxygen and ammonia concentrations) and indirect criteria (e.g. overflow 

volume). Their results show the clear superiority of integrated real time control 

in improving the performance of a variety of wastewater systems even where 

local control brings little or no benefit, and demonstrate that surrogate criteria 

may lead to further deterioration of river water quality. 

Fu et al. (2008) optimised the control of a semi-hypothetical case study using a 

genetic algorithm and multiple objectives (i.e. water quality indicators and cost). 

The authors stressed the importance of obtaining Pareto optimal solutions (i.e. 

a Pareto front) that explicitly represent the existing trade-offs between 

objectives and help decision makers understand the compromises associated 

with optimal solutions. 

Fu et al. (2010) elaborated on the previous studies by examining the impact that 

storage tank distribution and control might have on river water quality. The 

optimisation problem investigated the performance of three different scenarios 

(optimal flow control of storage tanks, optimal distribution of storage capacity, 

and a combination of these two scenarios) against construction costs and 

enhanced river water quality (dissolved oxygen and ammonia concentrations). 

The results showed the superiority of the scenario combining both control and 

distribution of storage tanks and a clear trade-off between cost and water 

quality, and dissolved oxygen and ammonia concentrations. Astaraie-Imani et al. 

(2013) used a similar approach to optimise the design of operational control 
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strategies and the upgrade of centralised storage as to minimise the impact of 

urbanisation and climate change in water quality indicators. 

The multi-objective optimisation of a rehabilitation case study using innovative 

and conventional measures (additional storage volume, decentralised infiltration, 

optimal adjusting of throttle discharge, plant-covered retention soil filters) was 

investigated by Muschalla (2008) using evolutionary algorithms. Trade-off plots 

showing non-dominated solutions permit to choose among conflicting objectives. 

Further, the analysis of this alongside the considered decision variables (i.e. 

various network interventions) permit the identification of the most appropriate 

combination of measures that would deliver the specific given improvements 

and the optimal choice of their location. Given the required computational effort 

required in integrated optimisation exercises the author claims that detailed 

approaches requiring the hydrodynamic modelling of the sub-models may prove 

unfeasible due extensive computing time. 

In order to solve this issue Barreto et al. (2008) proposed a parallel multi-tier 

approach to multiple objective problems, assessing different levels of service 

(i.e. objectives) separately and using a genetic algorithm to find optimal 

solutions that accounted for all of them together. This may be particularly useful 

when low-cost approaches are needed and running times could hinder the 

search for optimal solutions. This approach was tested in a case study (Barreto 

et al., 2009) supporting the rehabilitation of an urban drainage system in order 

to balance the impact of flooding though three objectives, namely: investment 

costs, tangible costs (i.e. flood damage) and intangible cost (anxiety). This last 

platform also included expert knowledge as part of a pre-processing stage that 

aimed at additionally reducing the computational resources needed to run the 

optimisation process. 

Vojinovic et al. (2008) used the genetic algorithm NSGA II to optimise the 

rehabilitation of a sewer system network (including river and treatment plant), 

modelled using a hydrodynamic model (SWMM 5.0). The study looked at flood 

damages, rehabilitation costs and flooding overflow pollution as objective 

functions of the optimisation problem, finding the corresponding Pareto optimal 

solutions. The analysis included BMPs interventions simplified as a storage 

volume capable of treating flooding overflows before discharge into the river. 
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2.5.2. Sustainable Drainage Modelling 

In view of the description of integrated platforms and applications presented 

above it can be stated that the evaluation of source control techniques within 

the integrated urban wastewater system has been overviewed or simplified to 

conceptual single-objective problems. Instead, investigations focused on the 

control of the sewer system and treatment plant have been broadly reported. 

This may be mainly because benefits from the control side are easier to realise 

and less costly to perform (at least in the theoretical ground), whereas source 

control interventions are still considered out of the urban drainage field and 

there are many uncertainties about their performance. This might also explain 

why storm tanks, which are a typical enhancement measure in combined 

sewers and a familiar tool for drainage engineers, have also been studied in 

more detail. 

Similarly, modelling of sustainable drainage (i.e. SuDS, BMPs, etc) has been 

typically dependant on the capabilities of available sewer models. The U.S. 

Environmental Protection Agency (U.S. EPA) has traditionally been a main 

supplier of open source modelling software tools, such as SWMM (Stormwater 

Management Model) or HSPF (Hydrological Simulation Program-FORTRAN) 

(Ambrose et al., 2009). The freely available P8 Urban Catchment Model (a.k.a. 

P8-UCM) and both commercial versions of STORM (Storage, Treatment, 

Overflow, Runoff Model) and DR3M-QUAL (Distributed Routing Rainfall-Runoff 

Model) are three other American-based models. In Europe, two main 

commercial models have been developed for microprocessors, using very 

strong graphical and programming features, namely: the Danish model MOUSE 

(MIKE series) and the British Wallingford models. The Australian conceptual 

model MUSIC, Model for Urban Stormwater Improvement Conceptualisation, 

has been used in many studies modelling SuDS (e.g. Elliott et al., 2009; 

Scholes et al., 2008); however, it does not contain the algorithms necessary to 

perform a detailed physical simulation of hydraulic processes (eWater CRC, 

2012). This may be particularly problematic as treatment mechanisms in SuDS 

are determined by both hydrological and quality processes (Wong et al., 2006). 

The capabilities of these and other available sewer models to simulate SuDS 

have been evaluated by Elliott and Trowsdale (2007). The results of their study 
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(see Figure 2.3 and Figure 2.4 below) appear to confirm the superiority of 

MOUSE and SWMM in performing simulations involving SuDS. Nevertheless, 

both models seem to present some problems to model infiltration systems, 

which may be solved using common available elements. In this sense, the latest 

version of SWMM 5 (5.0.022) has been improved and now incorporates a tool 

to introduce LID practices (bioretention areas, infiltration trenches, porous 

pavements, rain barrels, and vegetative swales) within the defined urban 

catchments (Rossman, 2010). 

SuDS-oriented models, such as the Prince George”s County BMP module and 

the VFSMOD (Vegetative Filter Strips Model), exist but their use and 

applicability is still rather specific and requires development towards the 

effective integration with other drainage tools (Riverson et al., 2004). Recently, 

the U.S. EPA integrated tool SUSTAIN was developed to use an ArcGIS 

interface and incorporate robust algorithms derived from those of SWMM and 

HSPF for the catchment model, and the Prince George”s County BMP module 

and VFSMOD for the simulation of BMPs (Shoemaker et al., 2009). 

 

Figure 2.3: Contaminants included in various sewer models (after Elliott and 

Trowsdale (2007). Grey shading means that contaminants may be coarsely or 

indirectly modelled. 



 

98 

 

Figure 2.4: SuDS techniques included in various sewer models (after Elliott and 

Trowsdale (2007). Grey shading means that techniques may be indirectly 

modelled. 

The British package WinDes offers planning and modelling of source control 

devices to support flood hazard assessments, but the software focuses on 

hydraulic processes ignoring any water quality issues. Sewer models are often 

able to model pollutant sourcing mechanisms (deposition and wash off 

processes) and routing through the system, but it has not been until recently 

that they were adapted to assess the treatment performance of stormwater 

devices, such as SuDS. Wong et al. (2006) proposed a unified model approach 

to simulate treatment processes for ponds, wetlands, swales and infiltration 

systems based on the first-order kinetic decay algorithm in Equation 2.1 (to 

model sedimentation and filtration) coupled with CSTR models (to model 

hydrodynamic behaviour). The authors highlight the suitability of this approach 

to model most pollutant removal processes (TSS, nutrients and metals). 

Nevertheless, the selection of appropriate values for k (first-order rate constant) 

and C* (equilibrium concentration) is not trivial since the contribution of specific 

physical, chemical and biological processes is not yet understood (Elliott et al., 

2009). 

𝑞
𝑑𝐶

𝑑𝑥
= −𝑘(𝐶 − 𝐶∗)                                                 (2.1) 

q: hydraulic loading rate (m/year) 
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k: first-order rate constant (year-1) 

C: pollutant concentration (mg/l) 

C*: background concentration (mg/l) 

Ackerman and Stein (2008) used this approach in HSPF to predict the 

performance of two generic BMP devices (grassed channel and storage device 

controlled by orifice and spillway) in long-term simulations (10 years), calibrating 

the first-order decay parameters against data on removal rates for BMPs. A 

more exhaustive study prepared for USEPA calibrated the Prince George’s 

County BMP model for six BMPs (infiltration system, gravel wetland, 

bioretention system, porous pavement, grass swale and wet pond) using data 

from the University of New Hampshire Stormwater Centre (Tetra Tech, 2008).  

In the absence of data, recommended values for k and C* can be found in some 

modelling packages, like MOUSE or SUSTAIN. Scholes et al. (2008) found 

discrepancies between the values of k recommended in MUSIC for suspended 

solids removal and their performance ranks based on an analysis of physical, 

chemical and biological processes. Their analysis concludes that MUSIC 

recommendations strongly rely on physical processes and should be therefore 

used carefully. Elliott et al. (2009) used MUSIC to investigate the effects of 

different levels of BMP aggregation on flow and water quality results as a way to 

reduce computational effort in large simulations, finding this model rather 

insensitive to aggregations from the allotment scale. 

SUSTAIN utilises a similar approach to that of the Prince George’s County BMP 

model, but allows for a simplification (first-order decay without C* and complete 

mix) for small ponds; or else Equation 2.1 and the CSTR approach are used. 

The model additionally includes the sediment interception algorithm VFSMOD 

for filter strips. For those BMPs including an underdrain outflow, SUSTAIN also 

provides the option to introduce pollutant removal rates by the user (Shoemaker 

et al., 2009). 

As part of the ASCE-EWRI LID Computational Methods Task Committee, Lucas 

and Medina (2008) described the fundamental physically-based representations 

of the hydrologic and hydraulic processes (including infiltration, 

evapotranspiration, surface conveyance, detention and runoff generation) in 
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selected LID controls, reviewing the different possible computational 

approaches to each process. A second part of this document is under 

preparation, consisting of a guidebook that will report on how stormwater control 

measures can be simulated using different hydrologic and hydraulic models 

available (Montalto and Lucas, 2011). 

2.6. Summary 

The present chapter has reviewed the main approaches currently taken to 

stormwater and wastewater management (with a focus on sustainable and 

resilient approaches); it has identified different ways to handle uncertainty in 

urban water systems; it has described decision support tools for green 

infrastructure and the main performance criteria and evaluation methods; and it 

has reviewed tools that allow for integrated modelling and sustainable drainage 

modelling. 

Sustainability has become the main driver for change in urban stormwater and 

wastewater management. However, it is still unclear what type of drainage 

systems (e.g. centralised vs. decentralised) are capable of delivering what 

sustainability entails. The vagueness of the concept of sustainability along with 

the increasing necessity to understand how urban water systems behave in the 

face of unprecedented and/or unpredictable perturbations and change has 

increased interest toward the concept of resilience and its potential to build 

sustainability. Indeed, resilience science, as a way of providing information on 

the capacity of urban water systems to adapt and “bounce back” from 

disturbances, can be particularly useful in guiding and operationalising 

sustainability. In spite of relevant efforts provided in the current literature, it is 

however still difficult to devise what are the main relationships between 

concepts such as resilience and sustainability, between the ability to provide 

improved operational performance in the face of future changes (i.e. resilience) 

and the ability to address long-term objectives that frequently require 

consideration of wider social, economic and environmental issues (i.e. 

sustainability).  

The advent of climate change science has shifted the attention of much of the 

research community to strategies and methods to adapt and remain resilient in 
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the face of future uncertainties. Numerous types of uncertainties are often part 

of renovated research efforts, although these frequently shy away from those 

related to socio-economic and environmental factors, which are deeply related 

to the way in which future conditions develop and their intrinsic correlation with 

threats directly affecting the performance of the IUWWS. Scenario planning can 

create plausible and rich representations of the future that avoid the additional 

complexity of classic decision methods (e.g. decision trees) when dealing with 

severe uncertainty. Scenario planning concerning water infrastructure 

management frequently focuses on the analysis of few threats (e.g. climate 

change, population growth), ignoring aspects associated with the condition and 

acceptability of wastewater infrastructure.  

In a context of deep uncertainty, new approaches have gained popularity in 

order to make more robust decisions, as opposed to traditional probabilistic risk-

based methods. These new methods have promoted attributes such as 

adaptability, flexibility or low-regret, as a way of making better informed 

decisions. The multifunctional character of retrofit green infrastructure 

interventions (i.e. SuDS) seems to offer great potential to deliver important 

objectives required for sustainable stormwater management, such as those 

related to flooding and CSO alleviation, although their performance at the 

catchment scale is still uncertain. Selecting the adequate alternatives requires 

planning and the aid of decision support tools able to compare different 

solutions against multiple objectives and help decision-makers to identify robust 

strategies that perform well under uncertain conditions. In this sense, the 

concept of regret is an interesting and easy-to-understand term that may prove 

useful in assessments that aim to comparatively evaluate different drainage 

strategies and where a variety of competing objectives are relevant to define 

investment alternatives. A regret-based approach can also help to manage the 

attitude of decision-makers to risk, between precautionary (i.e. risk averse) and 

high-risk approaches.  

In order to outrank and select the right set of alternatives, decision support tools 

must be fed with appropriate information that provides an accurate description 

of their performance regarding selected criteria. Therefore, the selection of 

methods and techniques that correctly evaluate green infrastructure 
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performance is crucial to reach sound decisions. The increasing number and 

nature of criteria and objectives required (quantitative and qualitative) needs 

more integrative approaches that account for water quantity (e.g. flooding, 

CSOs), water quality as well as other objectives (economic, social, GHG 

emissions, etc.) 

The incorporation of numerous criteria and uncertainties has further increased 

the complexity of decision problems informed by complex models that account 

for the many interactions taking place in urban water systems. Integrated 

modelling has allowed the incorporation of a large variety of criteria into urban 

drainage problems, most notably environmental objectives, that in the past 

depended on surrogate criteria and hindered optimal solutions to be found. This 

has added complexity and uncertainty to decision making processes, which now 

have to deal with a much larger problem to find satisfactory alternatives. In this 

context, it is therefore important to balance the complexities arising from such 

integrated assessments (specially as uncertainty and multi-criteria analyses are 

incorporated), so that such assessments are carried out in an effective way to 

provide meaningful information to decision-makers. 

The knowledge gaps identified in this chapter have been addressed in the 

subsequent chapters of this thesis. The main features of the methodology 

framework are presented in Chapter 3, which describes the methodological 

approach adopted in the thesis. 
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3. FRAMEWORK OF RESEARCH 

3.1. Introduction 

The purpose of this chapter is to describe the main concepts and methods (i.e. 

the research framework) employed in this thesis to achieve the aim and 

objectives outlined in Chapter 1. Such concepts contribute, along with specific 

case study inputs (presented later in Chapter 4), to developing each of the 

methodological stages used to structure the resulting work (see Figure 3.1). 

 

Figure 3.1: Overview of the research framework methodology stages along with 

their conceptual and case study inputs. Highlighted in bold are the elements 

described in detail within this chapter. 
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Firstly, uncertain future conditions in urban drainage systems are described by 

means of four socio-economic scenarios. The scenarios establish the narrative 

background and the associated threats under which the IUWWS is assessed.  

Secondly, a number of strategic interventions are presented and briefly 

described. These are later developed in Chapter 4 for each of the considered 

case studies. Maintenance failure states are also presented as an additional 

threat associated with centralised and decentralised strategies. 

Thirdly, the concepts of threat, impact and consequence in the context of urban 

drainage systems are developed and their relationship with mitigation, 

adaptation and coping strategies explained. The Safe&SuRe framework is 

presented and the concepts of reliability, resilience and sustainability discussed 

to establish appropriate performance indicators associated with a number of 

different performance objectives.  

Performance indicators and objectives are used to describe a regret-based 

approach to decision-making in order to: analyse performance trade-offs; 

effectively aggregate reliability, resilience and sustainability performance 

indicators into indexes; and analyse robustness of strategies across scenarios 

in a meaningful and useful manner. These are the elements later used to 

develop multi-criteria (Chapter 5) and robustness assessments (Chapter 6). 

Finally, the aforementioned methods are integrated to carry out the dynamic 

assessment of strategies for reliability, resilience and sustainability throughout 

their operational life, accounting for future scenarios and multiple performance 

objectives. This is the basis for the analysis presented in Chapter 7. 

3.2. Uncertainty in the Future: A Scenario-Based Approach 

The different uncertainties expected to have a significant effect on the 

performance of the IUWWS have been handled by developing four future 

scenarios that incorporate a number of key threats representative of such 

uncertainties. As explained in the previous chapter, scenario planning can 

create plausible and rich representations of the future that avoid the added 

complexities of classic decision methods (e.g. decision trees) when dealing with 
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severe uncertainty. This is particularly relevant when incorporating numerous 

threats that need to be combined in order to describe future conditions. In 

addition to this, scenario analysis is particularly suitable to address 

sustainability in that its methodological approach permits future scanning in a 

way that reflects the normative character of sustainability and incorporates 

different perspectives (Swart et al., 2004).   

The scenarios developed in this section intend to comprise an ample envelope 

of conditions in the future year 2050, which is assumed to be an adequate 

horizon when considering the uncertain relative changes occurring in urban 

catchments while planning for long-term infrastructure interventions that span 

from the present 35 years into the future (i.e. typical design life of drainage 

infrastructure). In addition to this, the 2050 planning horizon provides an 

appropriate balance between the comprehensiveness (i.e. estimates available 

within the literature that allow for a detailed representation of threats) and 

comprehensibility of the scenarios (i.e. few scenarios that involve a wide 

envelope of uncertainty and conditions in the future). 

Although scenario analysis in urban drainage has been widely researched 

concerning climate change and urbanisation impacts, the conjunctive effect of 

these along with a variety of internal and external threats (including 

infrastructure maintenance issues associated with legacy infrastructure or the 

influence of social aspects) for the management of the IUWWS is less 

understood. This section provides a method that links scenario narratives to the 

allocation of quantitative estimates associated with a range of threats for their 

use in numerical models. 

3.2.1. Scenario Narratives in 2050 

The uncertain nature of threats affecting the performance of the IUWWS in the 

future horizon 2050 requires exploration of internal and external driving forces 

that may cause significant physical or social change. The equiprobable socio-

economic scenarios developed for the purpose of this study (see Figure 3.2) are 

characterised by two main drivers, namely: governance (economic growth vs 

environmental awareness) and values (consumerism vs. conservationism).  
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The selection of a “two-axes” approach allows a richer representation of 

exploratory futures by defining two high-impact high-uncertainty drivers 

(Government Office for Science, 2009). To this end, governance and values 

have been frequently considered as key driving factors for their ability to 

construct conceptual associations that permit the definition of a more diverse 

and transparent possibility space (Berkhout and Hertin, 2002). 

 

Figure 3.2: General description of 2050 scenarios used in this study and 

possible implications for key aspects in the management of the IUWWS (Casal-

Campos et al., 2015b). 

In this context it is assumed that growth-led societies (i.e. left side of the 

horizontal axis in Figure 3.2) frequently rely on solutions that can be quickly 

implemented in order to address short-term issues, instead of considering far-

reaching objectives like those encased in the definition of sustainability. 

Conversely, environmentally-aware societies (i.e. right side of the horizontal 

axis) are more concerned with the long-term implications of their actions by 

acknowledging the importance of environmental, economic and social gains 
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altogether. Such integral benefits are rarely achieved in the short term, requiring 

careful planning where strict policy enforcement is crucial. Indeed, growth-

oriented societies are more lenient on regulations, which could compromise 

growth by hindering a range of economic activities. 

The vertical axis in Figure 3.2 (“consumerism-conservationism”) represents the 

dominant public attitudes regarding the use of resources and their valuation. 

This does not necessarily mean that a consumerist society is careless about 

environmental problems, but that they generally rely on public and private 

organisations to address these issues. In other words, it is assumed that 

consumerism promotes the centralisation of environmental responsibilities, 

whereas conservationism encourages individual (i.e. decentralised) ones. 

Based on these remarks and previous work on UK water-related scenario 

planning (SP) exercises (Evans et al., 2004; Makropoulos et al., 2008; 

Environment Agency, 2010; Hunt et al., 2011; Farmani et al., 2012; Lombardi et 

al., 2012), four scenarios have been defined: Markets, Austerity, Innovation and 

Lifestyles. The previous literature has been used to shape the scenario 

narratives developed in this thesis, regarding the main inter-scenario 

relationships; however, the narratives described in this section have been 

tailored to the management of the wastewater infrastructure and how this is 

influenced by centralised or decentralised views, as well as by the stringent or 

lenient regulatory environment that dominates each scenario. Such 

relationships have been represented as the “qualitative strength” of key 

scenario factors, expressing the properties of each scenario relative to the 

others (e.g. level of regulations of one scenario relative to the others, as 

presented in Table 3.1). 

The scenarios generated by these main drivers have implications to regulatory, 

technological, maintenance and behavioural aspects of the IUWWS (see Table 

3.1). Thus, each of the future scenarios is characterised by four key scenario 

factors associated with the management of the IUWWS, namely: regulation (i.e. 

level of regulatory control of stormwater and wastewater management activities); 

centralised maintenance (i.e. the level of activity in each scenario aimed at 

preserving and caring the existing wastewater infrastructure); public attitudes 

(i.e. public willingness towards the decentralisation of responsibilities 
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concerning urban drainage); and technology (i.e. the level of technological 

development occurring under each scenario). 

Table 3.1: Qualitative strength (H: high, M: medium, L: low) of key scenario 

factors affecting the management of the IUWWS under the considered 

scenarios. 

Scenario Regulation 
Centralised 

Maintenance 
Public 

Attitudes 
Technology 

Markets L M L M 

Innovation H H L H 

Austerity L L M L 

Lifestyles H L H L 

Regulations under the Lifestyles and the Innovation scenarios are high (see 

Table 3.1) due to the environmental-awareness drive prevalent in these states 

of the world, whereas the regulatory climate under Markets and Austerity is low 

relative to the previous two scenarios to ensure low prices and austere policies, 

respectively. 

Innovation shows the highest level of technological development encouraged by 

strict regulation and a drive for sustainable outcomes. This is followed by 

Markets, which prioritises cheap and quick solutions over high-tech 

developments. Lifestyles and Austerity are the scenarios with the lowest level of 

technological development given the limited resources available under these 

states of the world. 

The level of centralised maintenance is the highest for Innovation, due to high 

technological developments that allow a very cost-effective maintenance of the 

existing infrastructure. In contrast, the decentralised responsibilities encouraged 

under Lifestyles and Austerity importantly affects the level of centralised 

maintenance, which is low relative to those under Innovation. Markets can still 

maintain a medium level of maintenance of the centralised sewer infrastructure 

due to favourable economic conditions, but limited by regulatory commitments. 
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The public attitudes toward decentralised drainage infrastructure are highest for 

Lifestyles, given the conservationist views of this scenario, which strongly 

favour the decentralisation of responsibilities. Although decentralised 

responsibilities are also prevalent in the Austerity scenario, these are 

constrained by economic issues (e.g. upfront costs or running costs) which may 

limit the extent of decentralisation. In contrast, centralised responsibilities are 

dominant under Innovation and Markets, given the consumerist views of these 

scenarios, resulting in a low level of attitudes to decentralisation. 

These relationships and other issues relative to the management of the IUWWS 

are described in the form of scenario narratives as follows.  

“Innovation” depicts a society governed by centralised policy with strong views 

on sustainability, but where people are not willing to compromise their lifestyle 

due to environmental or social gain. Instead, it is expected that governments 

and other organisations take responsibility and action to pursue sustainability 

whilst people enjoy prosperous lives. In order to deliver such expectations there 

is a great focus on innovation, technology and efficiency. From an urban 

drainage system perspective, this means that a high level of maintenance in the 

sewer infrastructure can be delivered in a cost-efficient manner. Energy and 

water prices are high and efficiency measures are applied in the household (e.g. 

water efficient fixtures). Safety from flooding is a priority in this world since life is 

expected to continue undisrupted. Any other environmental, social and 

economic objectives are equally valued to achieve more sustainable outcomes. 

“Lifestyles” represents a scenario where society is highly aware of its role and 

importance in addressing sustainability as a whole. It is expected that public 

and private organizations are also accountable for sustainability through 

regulation; however, it is strongly believed that inconsiderate individual lifestyles 

and behaviours are the biggest hurdle to sustainable development. As a 

consequence, the demand for goods and services is low and low-cost 

technology is favoured.  Public attitudes and responsible behaviours to improve 

drainage system performance (e.g. non-disposal of certain items and 

substances to avoid blockages in sewer pipes) have largely relaxed 

maintenance regimes. Energy and water are priced highly and used efficiently 

within the limits of low-tech solutions (e.g. rainwater harvesting systems are on 
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the rise). Thus, this state of the world prioritises environmental and social 

objectives, which are felt to have been abandoned for too long. Economic gain 

is a secondary issue, and people have assumed that learning to live with the 

risk of flooding is a small price to pay for the greater good. 

“Markets” can be regarded as the antagonistic scenario of ‘Lifestyles’. Public 

attitudes toward resources use and efficiency are low and lifestyles highly 

consumeristic. Governmental and policy action focuses on economic growth 

and short-term issues. Even though environmental legislation exists and is 

enforced, utility regulations are lenient and dominated by low prices for 

customers (energy and water are fairly cheap) in order to keep the demand of 

goods and services high and economic growth steady. There is a reliance on 

doing things quickly and cheaply. This balance between high disposable income 

and lax regulation keeps the sewer infrastructure at acceptable levels of 

maintenance. Technological developments are important but not fundamental 

for the functioning of this world, which is more dependent on economic issues. 

Similarly, flooding objectives are important due to their indirect economic 

implications (e.g. damages, loss of property). In contrast, environmental and 

social issues are not a priority. 

“Austerity” describes a world subject to economic decline, where austere 

policies regarding investment in public infrastructure have caused the 

decentralisation of many services that used to be centralised. Governmental 

action and policy-making are consequently limited and ineffective. Resources 

such as energy or water are therefore expensive and scarce, encouraging 

saving measures in the household. The condition of the drainage infrastructure 

is very poor due to low levels of maintenance and a very constrained budget. 

Reuse and low consumption are widespread; however, they are limited by little 

technological innovation. Although economic objectives are paramount in this 

world, social views are also relevant due to the decentralization of power 

structures. This comes at the expense of environmental issues, which have 

become secondary under this world. 
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3.2.2. Definition of Scenario Uncertainties 

A threat, in the context of this thesis, is a factor or agent that takes an active 

role in causing danger and potentially damaging a given engineered system. 

Established and emerging threats affecting urban areas (e.g. climate change, 

urban creep or urbanisation) may disrupt and contribute to endangering the 

correct functioning of essential services, such as those provided by urban 

drainage systems. The interest of the present work focuses on two main 

categories of threats: internal threats (i.e. those directly affecting physical 

elements of the system) and external threats (i.e. independent of any system 

elements). Thus, internal threats considered in this thesis include factors 

inducing direct changes in any of the principal components of the urban 

drainage system (i.e. inflows, catchment, infrastructure capacity, receptors), 

such as: permeability changes in the catchment (e.g. urban creep); factors 

affecting the physical properties and integrity of the sewer network (e.g. level of 

maintenance); behavioural changes altering the amount of wastewater (e.g. 

domestic water use); practices causing diffuse pollution (e.g. misconnection of 

foul sewers into storm drains). On the other hand, external threats are 

predominantly out of the control of water service providers, such as climate 

change and variability, and population growth. These factors cause indirect 

changes in urban drainage systems once they come into contact with elements 

of the system (e.g. rainfall becoming runoff generated in the catchment). 

In order to evaluate the effects that different threats have upon the IUWWS 

under different future conditions it is necessary to transform the previous 

scenario narratives into sets of parametrised threats, so that these can be 

incorporated into integrated urban wastewater system models to simulate such 

conditions. This has been done by: 1) selecting a plausible range of estimates 

for each threat; and 2) allocating specific estimates to each scenario according 

to the narratives and key scenario aspects detailed above. The quantitative 

estimation of each threat was approached by defining a plausible range of 

numeric values for the year 2050 (found in the literature or by using specific 

case study data). The selected range of generic values defined by literature 

estimates for the UK is shown in Table 3.2 (last column). The selected threats 

cover main issues relevant to the management of stormwater and wastewater in 
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the context of UK sewer systems which have been investigated in the past and 

can therefore be assigned with reasonable estimates in the year 2050. 

Table 3.2: Literature estimates of uncertain future scenario threats considered 

in this study for the year 2050. 

Threat Source Description 
Parameter 

(units) 
Selected 
Range 

Misconnections 
(foul to surface 

drains) 

Ellis and 
Butler (2015) 

Surface water misconnections are estimated 
between 1% and 7% for England and Wales. 
20 to 30% misconnection rate at hotspots. 

Misconnected 
rate (% of 

DWF) 
[1, 7] 

Urban creep 

Ofwat (2011) 

Applied studies by water companies used 
values between 5% and 15% (some also 
used values lower than 5% and Thames 
Water of up to 62%). It suggests a 5% 
increase of impermeable area for 2040 
horizon where data is unavailable. 

Urban creep 
(%) 

[5, 15] 

UK Water 
Industry 

Research 
(2010) 

Several methods are proposed to calculate 
urban creep: regression trees, average, by 
property type, and by density of 
development.  

Water use 
(domestic 
demand) 

Environment 
Agency 
(2010) 

Four scenarios are proposed with horizon on 
the 2050s and values ranging from 110 l/h/d 
to 165 l/h/d. 

Per capita 
water use 

(L/head/day) 
[110, 165] 

Infiltration to 
sewers 

White et al. 
(1997) 

Infiltration rate estimated between 15% and 
50% of dry weather flow. 

Infiltration 
rate (% of 

DWF) 
[10, 50] 

Ofwat (2011) 
Recommends assuming 10% of foul flows for 
infiltration related to development. 

Butler and 
Davies (2011) 

Referring to different sources, reports 
infiltration rates of: between 15% and 55%; 
10% as conventional value; 120 l/head/d for 
new systems in high groundwater areas. 

Sediments in 
sewers (capacity 

loss) 

Ackers et al. 
(1996) 

5% of deposited sediment with dunes could 
reduce the pipe-full capacity by 10-20% 
(roughness and area effects). 

Full-pipe area 
reduction (%) 

[0, 16] 

Population 
growth 

 

Environment 
Agency 
(2010) 

Four scenarios are proposed in the 2050s 
horizon and population growth ranging from 
20% to 45%. 

Population 
growth (%) 

[20, 45] Office of 
National 
Statistics 

(2014) 

Population projections for the next 100 years 
using variant factors (fertility, mortality, 
migration, etc.). High and low estimates for 
England in the 2050s are between 76M 
(+43%) and 58M (+9%). 

Climate change 

Ofwat (2011) 
The study applied a minimum 10% uplift to 
winter storms. Following UKCIP09, 
estimations for 50%ile scenarios. 

Precipitation 
intensity uplift 

(%) 
10 

Defra (2006) 
Allowance of 5% on peak rainfall intensity for 
the period 1990-2025, 10% for the period 
2025-2055, and 20% for 2055-2085. 

Murphy et al. 
(2009) 

 UKCP09 
(2015) 

Annual precipitation increase of +10% based 
on projections for the period 2040-2069 
under low, medium and high emission 
scenarios for most of the UK. 
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The allocation of specific estimates from the selected range (Table 3.2) to each 

scenario (Table 3.6) has been carried out following three main steps (detailed 

explanations are provided in this section for each step): 

 Step 1: Associate each internal threat with key scenario factors that can 

prevent their occurrence (Table 3.3). 

 Step 2: Estimate the relative strength of each threat under each scenario 

(Table 3.4), based on the previous association (Table 3.3) and on the 

qualitative strength of scenario factors described above (Table 3.1).  

 Step 3: Allocate threat estimates to each scenario (Table 3.6) by splitting 

the selected range (Table 3.2) according to qualitative strength (Table 

3.5). 

Step 1: Associate internal threats with key scenario factors 

The key scenario factors detailed in Table 3.1 (i.e. regulations, centralised 

maintenance, attitudes toward decentralisation and technological development) 

have a preventive influence in the level of exposure of the IUWWS to the 

internal threats considered in this study. Following this logic, Table 3.3 

illustrates the existing relationships between these factors and each of the 

internal threats considered, as related to their inhibiting effect within the IUWWS. 

Such relationships were defined by selecting those factors with a reasonable 

potential to constrain the occurrence of threats, as described below.  

Table 3.3: Key scenario factors influencing the magnitude of internal threats 

used to define future scenarios. 

Internal threat Regulation 
Centralised 

Maintenance 
Public 

Attitudes 
Technology 

Misconnections X X   

Urban creep X  X  

Water use change X  X X 

Infiltration change  X  X 

Siltation change  X  X 

Tech. preference   X  
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As the considered factors covered the most important aspects for the 

management of the IUWWS, the internal threats reflected the rich influences of 

scenario conditions on these uncertainties. For example, the level of urban 

creep happening in a scenario is a function of the level of regulations limiting 

the amount of uncontrolled re-surfacing of permeable areas as well as of the 

public willingness to implement decentralised surface water management 

measures that serve those new contributing areas. Thus, urban creep in Table 

3.3 is associated with both regulation and public attitudes. If both aspects are 

strong under a given scenario, the level of urban creep is therefore very low.  

Similarly, the amount of misconnected foul sewers discharging into surface 

sewers was assumed to be related to existing regulations enforcing the 

identification of such misconnections as well as to the level of maintenance 

regimes required to undertake remedial reconnection work.  

Positive attitudes towards the decentralisation of water management 

responsibilities had an influence in reducing domestic water use (e.g. facilitate 

demand-side measures), along with the role of regulations and water efficient 

technologies. 

Internal threats derived from the poor maintenance of sewer infrastructure (i.e. 

infiltration of groundwater into sewers and sewer siltation) were assumed to be 

a consequence of both low sewer maintenance regimes and the unavailability of 

technological solutions to provide cost-effective maintenance. 

Finally, the public willingness to adopt decentralised environmental 

responsibilities under each scenario (i.e. public attitudes) was directly linked to 

the technology preference for decentralised strategies as opposed to 

centralised solutions for stormwater and wastewater management. 

Step 2: Estimate the relative strength of threats under each scenario 

The key scenario factors affecting each internal threat (Table 3.3) were 

combined with their qualitative strength under each scenario (Table 3.1) to 

determine the relative strength of each internal threat expected under each 

individual state of the world (see Table 3.4). For example, as misconnections 

are affected by regulation (low in Markets, see Table 3.1) and centralised 
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maintenance (medium in Markets), the qualitative strength of misconnections in 

Markets is defined as medium-high in Table 3.4. The exactness of these 

qualitative values is not crucial, provided that they respect the inter-scenario 

relationships and narratives described above; therefore, the purpose of the 

allocation is to define an ample and consistent possibility space that covers a 

wide range of combined threats, within the assumed relationships described for 

the scenarios. Thus, the qualitative estimates presented in Table 3.4 represent 

the variability of the considered threats across the four socio-economic 

scenarios, depicting the uncertain conditions that affected the management of 

the IUWWS in the future. 

The technology preference of drainage strategies in Table 3.4 was appraised by 

assigning an inclination for either centralised (C) or decentralised (D) solutions 

according to the dominating public attitudes described within each scenario. 

The Innovation scenario was represented by a mixed preference, meaning that, 

although centralised strategies were still preferred over decentralised solutions, 

these were still encouraged in the interest of innovation. 

Table 3.4: Qualitative strength of internal and external threats under each 

scenario (H: high, M: medium, L: low). For technology preference (C: 

centralised, D: decentralised). 

Internal threat Markets Innovation Austerity Lifestyles 

Misconnections M-H L H M 

Urban creep H M M-H L 

Water use H M-L M-H L 

Infiltration M L H M-H 

Siltation M L H M 

Tech. preference C C/D D D 

External threat Markets Innovation Austerity Lifestyles 

Population growth H M-H L M-L 

Climate change M M M M 
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The external threats considered in this study (i.e. population growth and the 

effect of climate change in precipitation intensity) were assumed to be 

independent of the key scenario factors, since these threats are outside of the 

control of the IUWWS management. The qualitative magnitudes of these 

external threats for each scenario are included in Table 3.4. Population growth 

qualitative scores presented in Table 3.4 were defined according to the socio-

economic conditions described above and in agreement with scenario estimates 

elaborated by the Environment Agency (2009). The effect of climate change on 

rainfall intensity was considered independent of scenario conditions, since it 

was assumed that the sensitivity of precipitation predictions to different 

scenarios up to the year 2050 is modest (Kirtman et al., 2013). The magnitude 

of this effect is described as “medium” in Table 3.4, relative to the estimates set 

for the end of the century (Defra, 2006).  

Step 3: Allocate threat estimates to each scenario 

Values from the estimated range (last column in Table 3.2) were assigned to 

each scenario (see Table 3.6) according to the qualitative strength of each of 

the threats presented before (Table 3.4). This was done to ensure that the 

specific estimates were coherent with the conditions defined in each scenario 

and that they preserved inter-scenario relationships. To this end, the selected 

range was split (see Table 3.5) by associating “low” and “high” qualitative 

strengths with the low and high ends of the selected interval (e.g. “low” and 

“high” water use was associated with 110 and 165 L/h/d in the selected range 

[110, 165], respectively) and by choosing intermediate values representative of 

intermediate qualitative strengths (i.e. medium-low, medium and medium-high). 

Intermediate values were selected by either interpolating the corresponding 

values or by associating qualitative strengths with values already used in similar 

scenario studies (this was the case for water use and population growth 

estimates used in previous studies, as indicated in Table 3.5). The values 

presented in Table 3.5 were subsequently allocated to each scenario on the 

basis of the strengths in Table 3.4 (e.g. misconnections show M-H for Markets 

in Table 3.4, thus a value of 5, as shown in Table 3.5 for M-H, is allocated to 

misconnections for Markets in Table 3.6). 
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Table 3.5: Allocation of values (from the selected range in Table 3.2) to 

qualitative strengths of internal and external threats used in the scenarios.  

Internal threat L M-L M M-H H 

Misconnections (%DWF) (*) 1  3 5 7 

Urban creep (%) 5  10 12 15 

Water use (L/h/d) (**) 110 125  140 165 

Infiltration (%DWF) 10  30 40 50 

Siltation (% full area 
reduction) 

0  8  16 

Tech. preference C  C/D  D 

External threat L M-L M M-H H 

Population growth (%) (**) 20 25  35 45 

Climate change (% uplift)   10   

(*) Medium value has been selected as the typical value according to Ellis and Butler (2015), 

rather than the arithmetic mean of selected interval. (**) Values assigned as in demand 

scenarios for 2050 in Environment Agency (2012) 

The baseline values included in Table 3.6 have been assigned generically on 

the basis of current water use in the UK (Environment Agency, 2012) and 

maintenance levels of the existing infrastructure (i.e. infiltration and siltation 

rates) that are in the low range of the selected interval, only improved in the 

future under the Innovation scenario. Baseline and scenario values changed 

depending on catchment conditions, as specified in the case studies presented 

in Chapter 4. The values in Table 3.6 are default estimates which were modified, 

if needed, due to the specific characteristics or available data for each case 

study. More details of such modifications are provided in more detail in Chapter 

4 (subsections on “Representation of Future Scenarios”). 
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Table 3.6: Estimates based on the literature assigned to parameters in each 

future scenario. 

Parameter Baseline Markets Innovation Austerity Lifestyles 

Misconnection rate (% DWF) - 5 1 7 3 

Urban creep (%) - 15 10 12 5 

Per capita water use (L/h/d) 155 165 125 140 110 

Infiltration rate (% DWF) 15 30 10 50 40 

Siltation(*) 0.97 0.92 1 0.84 0.92 

Tech. preference C C C/D D D 

Population growth (%) - 45 35 20 25 

Precipitation uplift (%) - 10 10 10 10 

(*) the effect of siltation is represented by a full-pipe area reduction factor in 

existing sewers; 1: no reduction, 0: full reduction. 

3.3. Selected Strategies and Future Maintenance Failure 

In order to adapt to or mitigate the threats derived from the considered future 

scenarios in the IUWWS a number of alternative strategies have been proposed 

across different elements of the urban drainage system. These have been 

limited to structural measures that are feasible to be gradually implemented in a 

UK context from the present and into the future. The uncertain effect of 

maintenance regimes that may affect the capacity of these interventions to cope 

with threats in the future has been also considered to complement the scenario 

analysis presented above. 

3.3.1. Proposed Strategic Interventions 

The present work focuses on the application of mitigation and adaption 

strategies associated with the management of stormwater and wastewater in 

urban drainage systems to ameliorate a number of impacts and consequences 

used to describe system performance (these are later described in the next 

sections). These strategies have been proposed to provide a wide portfolio of 
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interventions that can be implemented in different parts of the IUWWS, namely: 

the existing sewer infrastructure, existing urban areas and new developments in 

the urban catchment. Further, these attempt to capture two main groups of 

strategies that are usually proposed to address drainage issues in urban 

catchments: conventional grey infrastructure options that focus on end-of-pipe 

solutions (rehabilitation, sewer retrofits and new development options); and a 

range of alternative green retrofits that affect different urban area types (private 

driveways, roofs and public roads).  Regarding retrofit interventions, infiltration 

options have been prioritised due to their complete removal of stormwater, 

which would improve the hydraulic performance of combined sewers when 

compared to less effective alternatives (e.g. green roofs or rainwater harvesting 

intercept an initial fraction of the stormwater). 

The proposed strategies are briefly listed and described as follows (the 

centralised or decentralised nature of the interventions is also indicated), 

 Urban creep control (decentralised): mitigation measure based on the 

prevention of the uncontrolled loss of permeable areas in the catchment 

to impermeable areas, as a consequence of, for example, the paving of 

front gardens or the creation of backyard patios. Indeed, the unplanned 

nature of urban creep raises questions regarding the scale of impacts 

that can be avoided by mitigating this threat; this is nevertheless a 

preventive desirable practice for the amelioration of urban drainage 

problems (e.g. sewer flooding). 

 On-site wastewater management (decentralised): adaptation measure 

based on the decentralised management of domestic wastewater for new 

developments (e.g. in the form of septic tanks or local wastewater 

treatment). This intervention could potentially reduce the pressure of 

population growth and urbanisation (i.e. new developments) in the sewer 

system by reducing the wastewater flows that the existing infrastructure 

needs to manage. Alternative options that could potentially be 

implemented in new built developments, such as rainwater harvesting 

systems, were not investigated given the regulatory and technical 

barriers that currently constrain this technology in the UK. 
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 Retrofit roof disconnection (decentralised): adaptation retrofit measure 

consisting of the reconnection of residential roof downpipes into systems 

that allow infiltrating roof runoff into the ground and their consequent 

disconnection from combined sewers. The disconnection of urban 

surfaces, such as roofs, from the existing sewer system can improve the 

performance of the IUWWS during wet weather, while providing 

additional benefits. Retrofitted rain gardens for this purpose have been 

successfully implemented in the UK and elsewhere, providing an easy-

to-implement solution that also facilitates engaging with the public in 

relation to their awareness and education regarding drainage 

infrastructure and water management issues. This contrasts with less 

visible options, such as soakaways, and options that require more 

commitment during their installation (i.e. green roofs, rainwater 

harvesting) or operation (e.g. water butts that require emptying as storms 

approach). 

 Retrofit road disconnection (decentralised): adaptation retrofit measure 

consisting of the implementation of infiltration systems in hardstanding 

areas of the catchment (e.g. roads, pavements and car parks) in order to 

retain and infiltrate runoff from adjacent roads. Similar to the case of 

roofs disconnection, this intervention can provide various benefits in 

urban areas affected by a number of threats affecting the performance of 

the existing sewer infrastructure. Additionally, the implementation of 

infiltration techniques serving public roads can be carried out in an 

opportunistic way as replacement and maintenance works are 

periodically required.  

 Retrofit sewer separation (centralised): adaptation retrofit measure 

consisting of the conversion of combined sewer systems into separate 

systems (i.e. foul and surface sewers). The implementation of separate 

sewers as an alternative to the green retrofits described above should 

also be considered since this is an intervention that is perceived as 

robust and effective among practitioners. Taking this option into 

consideration also permits to explore the performance of centralised 

stormwater management as compared to that of decentralised green 

retrofits. 
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 Sewer rehabilitation and storage (centralised): conventional adaptation 

measure based on the rehabilitation of sewer pipes and the expansion of 

centralised storage in combined sewer systems. The rehabilitation of the 

existing sewer infrastructure (typically combined sewer systems in the 

UK) is a widespread intervention that aims at enhancing the capacity and 

condition of the existing sewer infrastructure, providing another grey 

infrastructure option to compare against the performance of green 

retrofits.  

Each of the strategies described above has been further developed and applied 

to each case study depending on the specific characteristics of the study areas. 

Additional details (description and modelling) on the application of these 

mitigation and adaptation strategies (and combinations of strategies) used 

within each case study are provided in Chapter 4 (“Description and 

Representation of Strategies” sub-sections for each case study). 

3.3.2. Definition of Maintenance Failure Modes 

Failure in urban drainage systems may occur as a result of any of the  

uncertainties presented in the previous section (e.g. increased rainfall runoff in 

the catchment, excessive misconnections), which could cause system 

performance to drop and eventually fail (e.g. sewer surcharge and flooding, 

excessive pollution) under sustained adverse conditions. Performance failures 

can thus be triggered by changing conditions related to the amount and quality 

of inflows discharging into the urban drainage system, eventually affecting its 

ability to deliver a satisfactory level of service. This failure mode is frequently 

designated functional failure (Beder, 1997). 

Another type of failure mode, structural failure, refers to the loss of structural 

integrity of an element or elements of the system (e.g. sewer collapse, pump 

failure), which may in turn precipitate a partial or total malfunctioning of the 

system (Mugume et al., 2015). Within the category of structural failures, 

maintenance failure refers to the capacity loss of a given strategy due to 

deficient maintenance. This could be, for example, the loss of infiltrating 

capacity in infiltration systems due to lack of maintenance (e.g. compaction and 

clogging). This failure type is therefore a long-term structural failure that limits 
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the full capacity of strategies, which are partially affected but still functional (as 

opposed to sudden failure due to, for example, blockage or sewer collapse). 

The performance of the strategies proposed in this study was assessed under 

both failure modes. First, by applying future scenarios that stressed the system 

under numerous uncertainties (i.e. functional failure), but where the proposed 

strategies were fully functional. Second, by adding to this situation maintenance 

failure modes acting on the implemented strategies (i.e. structural failure), so 

that they were only partially functional. This additional step tested the ability of 

strategies to operate satisfactorily under unfavourable maintenance conditions, 

which were sustained in future scenarios and could originate cascading failures 

(e.g. structural failures that trigger incremental functional failures). 

Three degrees of maintenance failure were defined: high failure, medium failure 

and low failure. These were assigned to the proposed centralised and 

decentralised strategies (Table 3.7) depending on the level of centralised 

maintenance and the public attitudes dominating each scenario, respectively. 

Table 3.7: Degree of maintenance failure assumed for each scenario and 

strategy type. 

 Maintenance Failure by Strategy Type 

Scenario Centralised (*) (**) Decentralised 

Markets Medium (25%) (8%) High (50%) 

Innovation Low (0%) (0%) High (50%) 

Austerity High (50%) (16%) Medium (25%) 

Lifestyles High (50%) (16%) Low (0%) 

(*) Separate sewers (**) Combined sewer interventions fail by applying the following 

full-pipe and storage capacity loss tiers: Low (0%); Medium (8%); High (16%). 

The level of centralised maintenance determined the degree of maintenance 

failure for centralised strategies in each scenario (e.g. high/medium/low 

centralised maintenance translated into low/medium/high maintenance failure). 

Public attitudes in each scenario determined the degree of maintenance failure 

for decentralised strategies, whose maintenance was assumed to be dependent 
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on the public willingness to assume decentralised environmental responsibilities 

(i.e. high public attitudes caused low maintenance failure in decentralised 

strategies). 

High failure for infiltration strategies was defined by 50% of the implemented 

strategy failing (a figure based on the on-site monitoring work developed by 

Schlüter and Jefferies, 2005), with failure rates falling linearly for the medium 

(25% failure) and low degree (0% failure). Similar figures were used to describe 

failure occurring in separate sewers to allow for comparisons. Maintenance 

failure affecting combined sewer system strategies (i.e. rehabilitation and 

storage) were limited to the loss of capacity due to siltation (i.e. accumulation of 

sediments) assumed under each scenario (up to 16% capacity loss, associated 

with the 0.84 full-pipe area reduction factor in Table 3.7). This assumption was 

made to be consistent with the underlying conditions defined within each future 

scenario regarding the maintenance of existing sewer infrastructure. 

3.4. Safe&SuRe: An Integrated Assessment of Impacts and Consequences 

In order to assess the performance of the proposed strategies under each of the 

considered future scenarios, adequate objectives and indicators need to be 

identified and justified. This section establishes the relationship between the 

concepts of threat, impact and consequence (through application of the 

Safe&SuRe framework) and the strategies considered in the study to define 

performance objectives of interest in the thesis. 

As argued in Chapter 2, the relationship between resilience and sustainability is 

not clearly understood in spite of research efforts focusing on each of these 

qualities. In this section, the concepts of resilience and sustainability are 
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developed into multi-objective performance indicators to help to unravel the 

potential associations between these terms. Additionally, performance 

indicators based on reliability (i.e. fail-safe) are also proposed in order to better 

understand the relationship between reduced probability of failure and the 

achievement of resilient (i.e. safe-to-fail) and sustainable outcomes. 

3.4.1. Threats, Impacts and Consequences in Urban Drainage Systems 

The effects (positive or negative) that each of the scenario threats has on the 

expected level of service of an urban drainage system are referred to as 

impacts. Although impacts can be understood in many different ways, the 

present work uses this term to define a disturbance on the level of service or the 

performance of an urban drainage system. Impacts can therefore be 

categorised depending on the level of service or performance attribute being 

disturbed, whether these are related to hydraulic performance (e.g. flooding or 

capacity impact), environmental performance (e.g. pollution impact), efficiency 

performance (e.g. energy use impact), etc. Impacts have been used as a 

measure of the operational performance (i.e. through indicators) of the urban 

drainage system under different future conditions (represented by the defined 

scenarios). 

When impacts affecting the performance of a system are transferred to the 

broader socio-economic framework, then this thesis refers to them as 

consequences. Thereby, consequences are considered here as the wider 

implications of impacts to society, the economy and the environment. Indeed, a 

flooding event, aside from an operational impact triggered by a failure of the 

drainage system, may involve various negative consequences related to social 

(e.g. personal psychological damage, human lives), economic (e.g. material 

damage and disruption) and environmental issues (e.g. ecosystem or habitat 

losses). In this sense, consequences are concerned with the relevance of 

operational failures (i.e. impacts) to the three pillars of sustainability (i.e. people, 

profit and planet consequences). 

In this context, threats, impacts and consequences are interrelated elements of 

risk analysis in urban drainage systems. In order to reduce and manage this risk, 

one or several strategies could be used, namely: mitigation, adaptation and 
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coping. The framework defined by Butler et al. (2014) is used in this thesis to 

describe the relationship between intervention strategies (i.e. mitigation, 

adaptation and coping strategies) and the threat-impact-consequence concepts 

(see Figure 3.3). 

 

Figure 3.3: The conceptual Safe&SuRe framework considered in this thesis 

(Butler et al., 2015). 

The threats, impacts and consequences considered in this thesis are presented 

in Table 3.8, along with the adaptation and mitigation strategies assessed in the 

study. These do not represent an exhaustive list of elements, but only the ones 

considered in this work. It is important to note that additional or alternative 

elements could be introduced in the generic framework presented in this thesis 

to develop a modified analysis that assesses a different set of strategies for 

another set of threats, impacts, and consequences of choice. 

Mitigation aims at reducing the original source of risk (i.e. the threat) usually 

entailing long-term measures typically outside of the realm of the water 

infrastructure business. Thus, mitigation measures potentially reduce the extent 

and magnitude of impacts and, ultimately, the consequences affecting the wider 

urban drainage system. For example, mitigating CO2 emissions to the 

atmosphere could reduce the intensity and magnitude of threats like climate 

change, so that its effects (i.e. impacts and consequences) are ameliorated in 
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the future. The problem with a mitigation approach is that it may take a long 

time to realise its benefits and that, in order to be effective, threats and their 

likely effects should be promptly identified. Another issue with mitigation is that 

it may involve extensive efforts that are not corresponded by immediate results 

(e.g. a significant investment with a low return or a very long return period). 

Nevertheless, mitigation measures ensure that early action is taken to face 

threats, whose impacts and consequences could increment over time. As a 

consequence of this, delayed reactive investments may arguably become more 

costly than mitigation actions implemented now. 

Table 3.8: Key threats, impacts and consequences (each threat may be 

responsible for one or more of the listed impacts and consequences) and 

potential mitigation, adaptation and coping measures considered in this thesis. 

Threats Impacts Consequences 

Urban creep 

Misconnected sewers 

Groundwater infiltration 

Sewer siltation 

Domestic water use 

Climate change 

Population growth 

Changing public 
views/preferences 

Sewer flooding 
(probability, duration, 

magnitude) 

River flooding (probability, 
duration, magnitude) 

Increased volume and 
frequency of CSOs 

Water quality impacts (e.g. 
dissolved oxygen and 

ammonia) 

Material damage 

Aesthetics and loss of 
recreational value 

Ecosystem and habitat 
loss 

Increased GHG emissions 
(pumping and treatment) 

Capital and operational 
cost of mitigation and 

adaptation 

Acceptability 

Mitigation Adaptation Coping 

Urban creep control 

 

Rehabilitation of 
wastewater infrastructure 

Decentralised surface 
water management 

(SuDS) 

On-site wastewater 
management 

Sewer separation 

- 

Adaptation strategies offer perhaps a more reactive approach (as opposed to 

proactive actions) than mitigation to tackle risk, in that these act directly on the 

urban drainage system to reduce the potential impacts caused by one or 
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several threats. In this sense, adaptation here refers to carrying out 

improvements on the drainage infrastructure, i.e. the engineering assets that 

normally define this type of system. These may be conventional grey 

infrastructure (i.e. sewer pipes, pumps, storage tanks and treatment facilities) 

as well as alternative green infrastructure (i.e. SuDS). Nevertheless, adaptation 

strategies may require extensive resources to be successfully implemented in 

the short-term, while being ineffective in addressing a variety of long-term 

issues.  

When mitigation and adaptation strategies are not sufficient to deal with the 

threats straining urban drainage systems, the capacity of receptors (i.e. 

economic and social structures, and the natural environment) to cope with the 

residual effects of impacts is essential to limit the consequences that any 

threats may have on the economy, the environment and society as a whole. 

The learning component of the Safe&SuRe framework in Figure 3.3 is also a 

crucial aspect which ensures that the efficacy of mitigation, adaptation and 

coping measures is adequately incorporated into the water system, so that this 

is accordingly updated alongside the latest knowledge and best practice 

available (Butler et al., 2015). The coping and learning aspects of urban 

drainage systems have not been considered in the analysis carried out in this 

thesis, considering the consequences as the final assessment stage in the 

sequence of risks. 

3.4.2. Performance Objectives 

The Safe&SuRe framework described above (S&S from now on) referred to the 

assessment of a wide range of performance objectives that characterised the 

concepts of reliability, resilience and sustainability through impacts and 

consequences occurring as a result of system failure. The operational side of 

failure (i.e. reliability and resilience) was therefore represented by impacts (e.g. 

flooding probability, duration or magnitude) affecting these performance 

objectives, whereas the strategic side (i.e. sustainability) was covered by the 

wider consequences of failure to society, the environment and the economy (e.g. 

material or environmental damage). 
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The performance of mitigation and adaptation strategies in each of the 

considered future scenarios was assessed through performance objectives (see 

Table 3.9), which encapsulated the fundamental components of reliability, 

resilience and sustainability within the study (a detailed description of their 

respective definitions is provided in subsection 3.4.3). 

In general, the performance assessment of strategies consisted of an analysis 

of such objectives during one year of extended period simulation under four 

future scenarios (and their associated maintenance failure modes), which 

represented performance snapshots under variable conditions in the year 2050. 

The use of an annual simulation was justified on the basis that event-based 

approaches (e.g. return-period analysis) often miss the complex interactions 

occurring in sewer systems, such as previous rainfall conditions, antecedent 

DWF period, as well as the variability in the duration and intensity of rainfall. 

The consideration of objectives that are better assessed along typical annual 

conditions (CSO spills or GHG emissions) recommended using such type of 

time series. In addition to this, the use of a detailed one-year simulation 

permitted the fine assessment of multiple objectives (e.g. water quality 

indicators required higher time step resolutions) as opposed to a coarser 

analysis of longer simulations usually limited to few objectives (e.g. flooding 

assessments over 10 years).  

This approach to the assessment of alternative strategies has been proposed to 

complement analyses based on extreme events (e.g. return-period) that are 

frequently used to evaluate drainage interventions. Thus, this thesis intends to 

analyse how typical performance can be affected by combinations of threats 

under different future conditions, which may further deteriorate the reliability, 

resilience and sustainability of the proposed strategies in the long-term (in 

addition to threats such as extreme rainfall that could have a temporary effect 

on performance). This type of analysis could further support the recent 

requirement by Ofwat of the creation of annual reports that include performance 

outcomes (UKGAAP reporting regime to become effective from 2015-16 

onwards) (Ofwat, 2015a).  
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Table 3.9: Performance objectives used in this thesis. 

Performance Objective Description 

Sewer Flooding Urban flooding occurring as a consequence of sewer 
overloading or capacity exceedance. 

River Flooding Urban flooding occurring as a consequence of river 
overbank flow. 

River DO In-river dissolved oxygen deterioration caused by 
continuous and intermittent urban drainage discharges. 

River AMM In-river total ammonia surge caused by continuous and 
intermittent urban drainage discharges. 

Health and Aesthetics Visual and hazardous pollution caused by the occurrence 
of intermittent CSOs. 

GHG Emissions Greenhouse gases emitted as a consequence of the 
operation of urban drainage systems (i.e. energy used for 
wastewater pumping and treatment). 

Cost Capital and maintenance costs required for the 
implementation of individual strategies over the 
operational period of strategies (35 years). 

Acceptability Public acceptability of decentralised and centralised 
strategies. 

Eight categories were selected as overall performance objectives of the 

integrated urban wastewater system, namely: sewer flooding, river flooding, 

river dissolved oxygen (DO), river total ammonia (AMM), health and aesthetics, 

greenhouse gas emissions, cost and acceptability. These objectives were 

evaluated using performance indicators directly linked to the simulation outputs 

of the integrated modelling framework (explained in section 3.4.4), except total 

cost and acceptability, which were appraised independently. Further details 

concerning the integrated modelling framework and specific performance 

indicators used for each case study are provided in Chapter 4 (“Assessment 

Details” subsections). 

3.4.3. Reliability, Resilience and Sustainability  

The performance objectives presented in Table 3.9 can be measured in 

different ways, by considering three different conceptual approaches; i.e. they 

can be assessed from a reliability, resilience or sustainability viewpoint. 
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In practice, reliability remains to be used as an equivalent term for many 

important qualities expected from the performance of water infrastructure 

systems. An example of this can be seen in a recent Ofwat consultation on 

resilience (“Reliable services for customers – consultation on Ofwat’s new role 

in resilience”), which considers resilience as a broader form of reliability (Ofwat, 

2015b). This use is widely extended within the water industry, where terms such 

as sustainability or resilience are essentially employed as alternative notions of 

reliability. The reason behind this may be that, as shown in the review of the 

literature carried out in Chapter 2, these relatively “new” concepts remain vague 

and out of focus, whereas more traditional terminology (i.e. reliability) has a 

clearer meaning in an industrial context (i.e. failure is more or less likely to 

occur). Another reason may be that, even when risk-based approaches are 

commonplace in the UK water industry to prioritise investment schemes, typical 

performance outcomes used for reporting purposes (Ofwat, 2012) are based on 

reliability indicators (e.g. percentage compliance, number of events, etc.) These 

are therefore understood as complementary terms in the UK water sector which 

need to be simultaneously analysed and compared. In order to determine the 

existing relationships between reliability, resilience and sustainability outcomes 

in an industrial context and clarify their practical meaning, these have been all 

considered for the assessment of strategies. 

Urban drainage systems are expected to be reliable, able to minimise failure 

frequency and to deliver a satisfactory level of service most of the time, while 

behaving resiliently to reduce the operational distress and damage once failure 

eventually happens (Butler et al., 2014). At the same time, reliable and resilient 

systems should also pursue sustainability in the long-term; that is, complying 

with operational objectives while not compromising economic, environmental 

and social goals in the future. In this sense, drainage strategies that provide a 

high level of technical performance (i.e. reliable and resilient strategies) may not 

necessarily be financially viable, environmentally balanced (e.g. protecting the 

aquatic environment at the expense of other environmental issues), or socially 

equitable (Xu et al., 2014). 

In this text reliability is understood as the ability of a system to minimise failure 

probability (Hashimoto et al., 1982; Bao and Mays, 1991) when subject to a 
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threat or combination of threats. In this thesis, such a combination of threats is 

defined within each of the future scenarios presented in section 3.2. 

Under these circumstances urban drainage systems are traditionally presumed 

to be reliable, unlikely to fail, in the face of emerging threats. However, the 

complexity of engineering systems along with the numerous uncertainties 

affecting them (e.g. the assumption of future conditions, the likely impacts of 

emerging threats, or the response of engineering, social, economic and 

environmental systems to variable stress) may undermine the high confidence 

on a low probability of failure. Indeed, as the uncertain threats that stress urban 

drainage systems become more apparent, complex and difficult to control, the 

notion of system failure should become equally possible and manageable (i.e. a 

manageable risk) (Fiksel, 2003).  

To face these challenges, it must be ensured that urban drainage systems 

operate safely (i.e. fail-safe, reliably) as far as practicably possible, but that they 

also respond safely to failure (i.e. safe-to-fail, resiliently) (Ahern, 2011). Thus, 

resilient systems are not understood as rigid systems where failure may lead to 

catastrophic consequences. Instead, these systems can behave more flexibly 

and recover quickly in order to reduce damage (and the disruption to the level of 

service) when failure occurs (Wang and Blackmore, 2009). To capture the 

attributes described above, resilience is here defined as the ability of a system 

to minimise the duration and magnitude of failure when subject to a threat or 

combination of threats (Butler et al., 2014). 

The adopted definitions of reliability and resilience refer to the operational 

performance of urban drainage systems when facing threats, whether this is 

before or after failure occurs. Indeed, these are attributes of how a system 

endures, responds to stress and recovers from failure to minimise any potential 

impacts. 

In contrast, when impacts derived from failure (i.e. from how reliable and 

resilient the system is) extend to the wider social, environmental and economic 

systems existing in urban areas, they become consequences that affect the 

system’s sustainability (Butler et al., 2014). The concept of sustainability is 

therefore understood here as the ability of a system to minimise the social, 
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economic and environmental consequences of failure (Butler et al., 2015). Thus, 

as operational impacts (e.g. magnitude or duration of flooding events) interact 

with the three pillars of sustainability in the form of consequences (e.g. 

damages to society, the environment and the economy), threats are transferred 

to the recipients of water services (i.e. society, natural environment and 

economic systems). 

3.4.4. Reliability, Resilience and Sustainability Indicators 

As seen above, the impacts and consequences derived from performance 

failures (see Figure 3.4) cover a broad range of objectives of interest. Each of 

these objectives was thus represented by specific performance indicators, 

which reflect the main attributes of reliable, resilient and sustainable drainage 

systems (see Table 3.10). 

The reliability indicators presented in Table 3.10 are characterised by the 

consistency of acceptable levels of service, measured as the probability that no 

failure occurs within a fixed period of time (Hashimoto et al., 1982) (i.e. a given 

threshold is not violated within the one year assessment). The general 

mathematical expression describing reliability indicators is 

Reliability = 1 − ∑
𝑑𝑖

𝑇
𝑖

                                                (3.1) 

where 𝑑𝑖  represents the duration of each failure occurring within the total 

assessed period 𝑇 (i.e. one year). Reliability, as expressed by equation 3.1, 

therefore denotes the annual fraction of time free of failure. 
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Figure 3.4: A generic description of failure and its components as used in this 

thesis. When system performance falls below a predefined threshold, a failure 

occurs. Magnitude and duration are key attributes describing the operational 

implications of a failure. 

Failure thresholds for the sewer flooding, river flooding and CSO objectives 

were set at zero, so that only a complete avoidance of spill or flood events could 

translate into full reliability under these objectives. Water quality failure 

thresholds were defined as critical concentrations of dissolved oxygen and total 

ammonia in the river. Specific values of these critical concentrations are 

presented in detail within each case study (Chapter 4, “Assessment Details” 

sub-sections) due to the variability of local conditions.  

Each resilience indicator listed in Table 3.10 is defined by a combination of both 

the magnitude and the duration of failure events occurring within the assessed 

time period (see Figure 3.4). This resembles current definitions of failure 

severity in urban water systems (or better, the complement of resilience) which 

refer to measures of the loss of functionality in the system (Hwang et al., 2015; 

Mugume et al., 2015). The expression proposed here is the weighted 

summation (relative to failure duration) of failure magnitudes, 

Severity = ∑
𝑚𝑖 × 𝑑𝑖

𝑇
                                              (3.2)

𝑖
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where 𝑚𝑖 and 𝑑𝑖 represent the magnitude and duration of the failures occurring 

within the total assessed period 𝑇 (i.e. one year), respectively. 

Table 3.10: General performance indicators (i.e. impacts and consequences) 

used to describe performance objectives in this thesis (adapted from Casal-

Campos et al., 2015a). 

Objective Reliability indicator Resilience indicator Sustainability indicator 

Sewer 
Flooding 

Annual probability of 
no sewer flood 

Summation of duration-
weighted flood 

volumes 

Material damage [total 
sewer flood volume, 

flood depth] 

River DO (*) 

Annual probability of 
river DO above 

threshold (or BOD 
below threshold) 

Summation of duration-
weighted DO minima 

(or BOD maxima) 

Effect in aquatic life and 
environment [6h-
minimum DO, 99-
percentile BOD] 

River AMM 
Annual probability of 

river AMM below 
threshold 

Summation of duration-
weighted AMM maxima 

Effect in aquatic life and 
environment [99-

percentile total ammonia] 

Health and 
Aesthetics 

Annual probability of 
no CSO spills 

Summation of duration-
weighted spill volumes 

Aesthetic and health 
implications of spills [total 

CSO spill volume] 

River 
Flooding 

Annual probability of 
no river flood 

Summation of duration-
weighted flood 

volumes 

Material damage [total 
river flood volume] 

GHG 
Emissions 

- - 
Operational tCO2 

[converted energy use] 

Cost - - 
Capital and maintenance 
costs of strategies [PV of 

whole-life costs] 

Acceptability - - 
Acceptability level of 

strategies 
[low/medium/high] 

(*) river DO impacts and consequences are evaluated through biological oxygen 

demand (BOD) indicators for the Durham case study (more details are provided in 

Chapter 4, section 4.2). 

The severity of each annual failure event (and its units) was therefore described 

by the main magnitude of interest for that failure, namely: volume for sewer 

flood, river flood and CSO failures; minimum in-river concentration for dissolved 

oxygen; maximum in-river concentration for total ammonia and biochemical 
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oxygen demand. Resilience was thus understood as the complementary 

attribute of severity, so that maximum severity translated into minimum 

resilience and vice versa (Hwang et al., 2014). Equation 3.2 is a simplified 

expression that combines the magnitudes and durations of the failures expected 

in a typical year for comparative purposes in the assessments carried out in this 

thesis. Thus, this does not intend to be an accurate representation of the 

absolute severity of failures but rather a way of comparing the relative failure 

severity of different options under the same annual conditions. The use of 

magnitude and duration in this way can also help to better understand whether 

failure magnitude is directly related to failure duration when compared to 

reliability indicators for different objectives. 

Finally, sustainability indicators in Table 3.10 are related to the likely 

consequences of failure to the economy (i.e. economic indicators), the 

environment (environmental indicators) and society (i.e. social indicators). 

These wider implications included three new objectives (GHG emissions, cost, 

and acceptability) not accounted for in the reliability and resilience indicators. 

Their omission in the reliability and resilience columns of Table 3.10 reflected 

the operational nature of reliability and resilience, since there is no clear 

association of any of these additional objectives to operational performance 

failure. Instead, these were considered “consequential” objectives that did not 

drive the operational performance of the system but rather became paramount 

when considering the overall long-term economic, environmental and social (i.e. 

consequences) trade-offs of investment decisions (Hallegatte et al., 2012) 

initially triggered by operational drivers (e.g. flooding or water quality objectives). 

Table 3.10 shows surrogate indicators in brackets; these were used to quantify 

the general attributes of each indicator and are further described below. 

Total flood volume and total flood depth are typically used as indicators to 

estimate the damage caused by sewer flooding during the extended period 

simulation. Flood depth is a common indicator of damage (Messner et al., 2007); 

flood volumes in the case studies were considered to cover equal ponded areas, 

so that the depth of flood (and thereby damage) was proportional to the ponded 

volume. Similarly, the damage from river floods affecting downstream 

developments was considered proportional to the magnitude of the annual 



 

136 

overbank flood volume recorded in the river reach downstream from the last 

drainage discharge point. 

The total annual volume of untreated spills discharged from CSOs into the 

receiving water body was used as a surrogate indicator of both aesthetic 

pollution (e.g. litter, smell) and potential public health concerns (e.g. pathogenic 

organisms) (Lane, 2011; Lloyd, 2012). Although CSO discharges are commonly 

used as an indicator of water quality impacts in watercourses, it has been 

demonstrated that this premise is not always correct and should be carefully 

applied (Lau et al., 2002). 

The potential effects to aquatic life in the receiving water body were directly 

assessed through physico-chemical indicators: minimum 6-hour dissolved 

oxygen concentration (or 99 percentile BOD); and 99 percentile total ammonia 

concentration. These indicators are particularly tailored to evaluate the impact 

of intermittent discharges which, because of their frequency and duration during 

wet weather, have a significant effect on aquatic life and could potentially 

compromise compliance with surface water quality objectives such as those in 

the EU Water Framework Directive (UKTAG, 2013; Defra, 2014). 

The carbon emissions of the system were measured by means of the 

operational energy used to pump wastewater during the annual simulation 

(through a conversion rate of 0.52 kgCO2/kWhe) as well as the operational 

emissions arising from the treatment of wastewater flows (based on the 

assumption that a conventional activated sludge process emits 0.32 tCO2/ML of 

wastewater treated) (Environment Agency, 2009c). These did not include 

potential emission savings due to enhanced control, which may be possible at 

the expense of increased operational costs (Sweetapple et al., 2014), nor 

embedded emissions from the construction of strategic interventions. 

Whole life costs (capital and maintenance costs) were estimated for each 

strategy, based on their design specifications (see Chapter 4 for specific case 

studies) and assuming an operational life of 35 years, between the present year 

2015 and the future horizon 2050. For each strategy it was assumed that the 

capital investment required to construct each strategy was evenly spread along 

the 2015-2050 period in annuities, which was consistent with the gradual 
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implementation of drainage infrastructure solutions. Operational costs were 

therefore increasing on an annual basis, as additional infrastructure was 

needed for maintenance. Thus, the capital and maintenance cost annuities 

were estimated by splitting the total investment in 35 equal parts. To adequately 

account for and compare the annual cash flows from capital and maintenance 

costs, these were converted to present value (PV), using a recommended 

discount rate of 3.5% (HM Treasury, 2003) and applying Equation 3.3. 

𝑃𝑉 = ∑
𝐶𝑡

(1 +
𝑟

100)
𝑡                                          

𝑡=𝑁

𝑡=0

  (3.3) 

𝐶𝑡: total costs in year t;  𝑟: annual discount rate ;  𝑁: time horizon in years 

In the base year (year 0) it was assumed that only capital investment occurs, 

and that operational costs were not applied until the following year. The present 

value of each annual investment was therefore calculated, as well as the 

present value of the maintenance cost accumulated up to that year. 

A simple scoring system (i.e. low (1), medium (2) or high (3) acceptability) was 

used to comparatively value alternatives based on the technology preference 

(i.e. centralised or decentralised) previously established under each scenario 

(refer to Table 3.6). This preference reflected the expected acceptability of 

specific technology options, based on the future scenario narratives previously 

described. For example, in scenarios with a preference for centralised solutions 

(denoted by C in Table 3.6), decentralised strategies scored poorly (low 

acceptability, score: 1), and vice versa. 

These and other specific indicators (and performance thresholds) used for the 

assessment of strategies in each case study are described later in the text, 

within each of the individual case study sections (Chapter 4, “Assessment 

Details” sub-sections), due to the particularities of the different modelling 

frameworks used in each case.  
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3.5. A Regret-Based Approach to Decision-Making 

3.5.1. Robust Decision Making and Regret 

The scenario-based analysis presented earlier in the text described some of the 

numerous uncertainties that may affect our predictions concerning urban 

drainage systems in the future. Indeed, a characteristic of long-term policy 

analysis (LTPA) is working under conditions of deep uncertainty, i.e. where 

analysts do not know, or the parties to a decision cannot agree on, (1) the 

appropriate conceptual models that describe the relationships among the key 

driving forces that will shape the long-term future, (2) the probability 

distributions used to represent uncertainty about key variables and parameters 

in the mathematical representations of these conceptual models, and/or (3) how 

to value the desirability of alternative outcomes (Lempert et al., 2003). 

The variety of alternatives considered and the uncertainty over future conditions 

recommends the exploration of robust strategies. These are strategies that 

perform reasonably well compared to other alternatives across a wide range of 

plausible scenarios (Lempert and Schlesinger, 2000). In a context of deep 

uncertainty, a robust strategy will generally trade optimal performance for less 

sensitivity to broken assumptions, performing satisfactorily (although sub-

optimally) over a range of possible futures (Lempert et al., 2006; Lempert and 

Collins, 2007). 

The regret of a decision made now (i.e. by selecting a specific drainage strategy) 

is understood as the missed opportunity to choose an alternative path of action 

which would have resulted in a more beneficial outcome once the future is 

revealed (Willows et al., 2003). Thus, the basis of regret-based approaches is to 

select the strategy that minimises the opportunity loss or regret accrued from all 

the considered objectives across all future scenarios (this is explained in more 

detail in the following subsections, and in particular in subsection 3.5.5). 

One of the main strengths of a regret-based approach to robustness (especially 

when compared to performance-based approaches) is that it can focus 

decision-makers’ attention on those future states of the world most relevant to 

their decision (i.e. those in which positive or negative outcomes may strongly 
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depend on decision-makers’ choices) (Hall et al., 2012b). A regret-based 

approach preserves the relative ranking of alternatives obtained by comparing 

absolute performance values, while helping to identify scenarios in which one 

strategy performs much better than another (Lempert et al., 2006). Further, the 

concept of regret is easy to grasp by a wider variety of audiences and facilitates 

communication and discussions taking place in the decision-making process. 

3.5.2. Performance Regrets 

The approach used in this study evaluated the robustness of strategies by 

assessing their relative performance loss (i.e. regret) across all the objectives 

and future scenarios previously described (Casal-Campos et al., 2015b). Such 

performance loss was assessed through each of the performance indicators 

presented in Table 3.10, representing the relative impacts and consequences of 

failure in the form of performance regrets. 

The concept of regret (or opportunity loss), as introduced by Savage (1954), 

was used to make decision recommendations on mutually exclusive strategies. 

The regret of strategy 𝑠  under a future state 𝑓  is defined as the difference 

between the performance of 𝑠 (for objective 𝑖) and that of the best-performing 

strategy 𝑠′ for the same future scenario 𝑓 and objective 𝑖 (Lempert et al., 2006),  

Regret𝑖(𝑠, 𝑓) = |𝑚𝑎𝑥𝑠′[Performance𝑖(𝑠′, 𝑓)] −  Performance𝑖(𝑠, 𝑓)|           (3.4)     

In Equation 3.4, depending on the indicator used (i.e. the-higher-the-better or 

the-lower-the-better), maximum performance could be either the maximum or 

the minimum value of the indicator, respectively. For example, maximum for 

dissolved oxygen and minimum for flooding, both represent best performance 

for their respective objectives. The best-performing option within each objective 

is thus represented by zero regret (and by a positive value of regret otherwise). 

3.5.3. Normalised Performance Regrets 

In order to facilitate the comparison of alternative strategies for each objective, 

regret values were normalised in a scale ranging from zero to one. Performance 

regrets concerning any objective 𝑖 under any future scenario 𝑓 were normalised 

relative to the most regrettable alternative 𝑠∗ in that objective and scenario (i.e. 
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the one with the largest regret according to Equation 3.4). Thereby, the 

proposed Equation 3.5 worked as a utility function that assigned normalised 

regret scores according to performance (i.e. between 0 and 1, from best to 

worst performance) for each strategy and future scenario (Casal-Campos et al., 

2015b). 

𝑅𝑖(𝑠, 𝑓) =
Regret𝑖(𝑠, 𝑓)

𝑚𝑎𝑥
𝑠∗

[Regret𝑖(𝑠∗, 𝑓)]
                                                (3.5) 

The general expression presented in Equation 3.5 was extrapolated to the 

different indicators that comprise the reliability, resilience and sustainability 

columns in Table 3.9, so that the particular equations can be written as follows, 

𝑅𝑒𝑙𝑖(𝑠, 𝑓) =
Regret𝑖(𝑠, 𝑓)

𝑚𝑎𝑥
𝑠∗

[Regret𝑖(𝑠𝑟𝑒𝑙, 𝑓)]
    for  𝑖 = 1, … ,5               (3.5.1) 

𝑅𝑒𝑠𝑗(𝑠, 𝑓) =
Regret𝑗(𝑠, 𝑓)

𝑚𝑎𝑥
𝑠∗∗

[Regret𝑗(𝑠𝑟𝑒𝑠, 𝑓)]
    for  𝑗 = 1, … ,5               (3.5.2) 

𝑆𝑢𝑠𝑘(𝑠, 𝑓) =
Regret𝑘(𝑠, 𝑓)

𝑚𝑎𝑥
𝑠∗∗∗

[Regret𝑘(𝑠𝑠𝑢𝑠, 𝑓)]
   for  𝑘 = 1, … ,8              (3.5.3) 

𝑅𝑒𝑙𝑖(𝑠, 𝑓)  represents the normalised performance regret of strategy 𝑠 under 

scenario 𝑓  for the 𝑖th  reliability objective (one for each of the five reliability 

indicators in Table 3.10). An analogous description of 𝑅𝑒𝑠𝑗(𝑠, 𝑓) and 𝑆𝑢𝑠𝑘(𝑠, 𝑓) 

applies to the 𝑗th resilience indicator and the 𝑘th sustainability indicator in Table 

3.10, respectively. The worst performing strategies in each case are 

represented by  𝑠𝑟𝑒𝑙 ,𝑠𝑟𝑒𝑠 and 𝑠𝑠𝑢𝑠. 

For the purpose of examining and realising any trade-offs consistently occurring 

between objectives for each strategy, the mean value of normalised 

performance regrets across all future scenarios was also calculated. 

Performance objectives used for this purpose can be generically expressed 

through the proposed Equation 3.6, 

𝑅𝑖(𝑠) =
∑ ( 𝑅𝑖(𝑠, 𝑓))𝑓

4
                                      (3.6) 
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The value 𝑅𝑖(𝑠) is a representation of the specific robustness of a strategy 𝑠 for 

each individual criterion 𝑖  (i.e. performance objective) to future scenarios. 

Indeed, the above expression reflects the average regret that can be attributed 

to that specific strategy for each individual objective across scenarios. The 

comparison of specific robustness values across all performance objectives and 

scenarios for each strategy provides a measure of traded regrets between 

criteria. Further, this examination of multiple criteria for each strategy within and 

across scenarios has been regarded as a crucial part of joint SP-MCDA 

methods prior to any aggregation of objectives (Durbach and Stewart, 2003). 

For clarity, Equation 3.6 has been applied to reliability, resilience and 

sustainability performance regrets, 

𝑅𝑒𝑙𝑖(𝑠) =
∑ ( 𝑅𝑒𝑙𝑖(𝑠, 𝑓))𝑓

4
       for  𝑖 = 1, … ,5            (3.6.1) 

𝑅𝑒𝑠𝑗(𝑠) =
∑ ( 𝑅𝑒𝑠𝑗(𝑠, 𝑓))𝑓

4
       for  𝑗 = 1, … ,5            (3.6.2) 

𝑆𝑢𝑠𝑘(𝑠) =
∑ ( 𝑆𝑢𝑠𝑘(𝑠, 𝑓))𝑓

4
       for  𝑘 = 1, … ,8           (3.6.3) 

𝑅𝑒𝑙𝑖(𝑠) : represents the mean normalised performance regret of strategy 𝑠 for 

the 𝑖th  reliability objective across all four future scenarios. An analogous 

description of 𝑅𝑒𝑠𝑗(𝑠) and 𝑆𝑢𝑠𝑘(𝑠) applies to the 𝑗th resilience objective and the 

𝑘th sustainability objective, respectively. 

The assessment and discussion of performance objectives and trade-offs 

obtained by application of the expressions presented above is described in 

Chapter 5. 

3.5.4. Reliability, Resilience and Sustainability Indexes 

Due to the multiple objectives involved in the assessment of reliability, resilience 

and sustainability, the comparison of alternatives within a single scenario is a 

challenging task (i.e. comparing five or eight normalised performance regrets at 

a time), particularly if such information is used to aid decision-making processes. 

To simplify the comparison of strategies, normalised performance regret scores 
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(those associated with reliability, resilience and sustainability indicators in Table 

3.10, respectively) for each future scenario 𝑓 and strategy 𝑠  have been 

aggregated into single scenario reliability, resilience and sustainability indexes 

by applying additive utility functions (Equations 3.7-3.9). This reduces the 

problem of assessing multiple utilities (i.e. five normalised performance regrets 

for reliability and resilience indexes, or eight for the sustainability index) into one 

of assessing a one-dimensional weighted utility (Keeney and Raiffa, 1976). By 

using Equations 3.7-3.9, the reliability, resilience and sustainability of each 

strategy under each future scenario can be encapsulated in a single multi-

criteria regret index. Each of these indexes has been therefore used to compare 

the relative overall performance (in terms of reliability, resilience or sustainability) 

of each strategy within each future state. 

𝑅𝑒𝑙(𝑠, 𝑓) = ∑ (𝑤𝑖
𝑓

 𝑅𝑒𝑙𝑖(𝑠, 𝑓)) 

𝑖

       for  𝑖 = 1, … ,5            (3.7) 

𝑅𝑒𝑠(𝑠, 𝑓) = ∑ (𝑤𝑗
𝑓

 𝑅𝑒𝑠𝑗(𝑠, 𝑓))

𝑗

        for  𝑗 = 1, … ,5              (3.8) 

𝑆𝑢𝑠(𝑠, 𝑓) = ∑ (𝑤𝑘
𝑓

 𝑆𝑢𝑠𝑘(𝑠, 𝑓))

𝑘

       for  𝑘 = 1, … ,8            (3.9) 

𝑅𝑒𝑙(𝑠, 𝑓) represents the reliability index of strategy 𝑠 under future scenario 𝑓 as 

the weighted summation of reliability normalised performance regrets 𝑅𝑒𝑙𝑖(𝑠, 𝑓).  

Analogous descriptions apply to resilience index 𝑅𝑒𝑠(𝑠, 𝑓)  and sustainability 

index 𝑆𝑢𝑠(𝑠, 𝑓). 𝑤𝑖
𝑓

, 𝑤𝑗
𝑓

 and  𝑤𝑘
𝑓

  represent the relative weights of the 𝑖th, 𝑗th and 

𝑘th  objectives (associated with reliability, resilience and sustainability, 

respectively) in future scenario 𝑓; with ∑ 𝑤𝑖
𝑓

= ∑ 𝑤𝑗
𝑓

=𝑗 ∑ 𝑤𝑘
𝑓

= 1𝑘𝑖 . 

Weights for each future scenario (Table 3.11) were calculated by estimation of 

the importance that a swing in scores in one objective had relative to the swing 

in another objective (i.e. “swing weighting”). The swing weighting approach 

allows to allocate the relative preference of criteria as well as to incorporate an 

evaluation of their importance in the context of the decision (DCLG, 2009). 
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Table 3.11: Weights applied to performance objectives for each future scenario 

(first row refers to reliability and resilience weights 𝑤𝑖
𝑓

, 𝑤𝑗
𝑓

; second row to 

sustainability weights 𝑤𝑘
𝑓
). In bold, the preference value of objectives within 

each scenario (1: low; 2: medium; 3: high). 

𝑤𝑖
𝑓

= 𝑤𝑗
𝑓
 

Sewer 
Flooding 

River 
Flooding 

River    
DO 

River 
AMM 

Health & 
Aesth. 

GHG 
Emissions 

Cost Accept. 

𝑤𝑘
𝑓
 

Markets 
2/7 2/7 1/7 1/7 1/7 - - - 

2/12 2/12 1/12 1/12 1/12 1/12 3/12 1/12 

Innovation 
3/12 3/12 2/12 2/12 2/12 - - - 

3/18 3/18 2/18 2/18 2/18 2/18 2/18 2/18 

Austerity 
2/8 2/8 1/8 1/8 2/8 - - - 

2/14 2/14 1/14 1/14 2/14 1/14 3/14 2/14 

Lifestyles 
1/11 1/11 3/11 3/11 3/11 - - - 

1/18 1/18 3/18 3/18 3/18 3/18 1/18 3/18 

The process of swing weighting applied here consisted of considering the worst 

possible regret score for all criteria (i.e. objective) and identifying which criterion 

is preferred the most to change from its worst outcome to its best outcome (i.e. 

the swing). The selected criterion was given the maximum preference value (i.e. 

high preference: 3, in Table 3.11) and was excluded from the repeated process, 

which involved the remaining criteria (Riabacke et al., 2012). The following most 

preferred criterion was assigned with a preference score relative to the most 

important one and so on (in the scale 1-2-3 in Table 3.11; this preference could 

be equally as important by assigning again a value of 3). This process was 

repeated until the last (i.e. least preferred) performance objective for each of the 

future scenarios was assigned with a value. The ratio-scale weights shown in 

Table 3.11 were obtained by normalising the sum of the assigned preference 

values, reflecting the relative importance of criteria in a given decision scenario 

(Belton and Stewart, 2002). 

The weights assigned to each performance objective represented the rate at 

which decision-makers under each scenario are willing to trade off portions of 

the criteria range (i.e. regret) between the objectives (Suedel et al., 2009). In 
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swing weighting this is typically done by assigning values in the range 0-100, 

which resemble a percent rate in relation to the most important criterion (valued 

100). To simplify the weighting process, only three different preference values 

were assigned (high-medium-low preference represented by 1-2-3 values in 

Table 3.11), limiting such rates to 1/3, 2/3 and 3/3. The weighting process was 

initially carried out for the sustainability objectives (i.e. eight criteria) and then 

re-calculated for the reliability and resilience criteria by removing any 

unnecessary performance objectives (GHG emissions, cost and acceptability). 

In this last step, preference values were maintained in order to keep the same 

trade-off rates between objectives and thus a consistent valuation within each 

scenario. 

These weights are often elicited from expert judgement, based on the revealed 

preferences of decision-makers; however, such preferences are frequently 

constructed, and not revealed, during the elicitation process (Fischer, 1989; 

Riabacke et al., 2012). This means that revealed preferences are often distant 

from the real normative preferences that analysts seek (Tompkins, 2003; 

Ehrgott et al., 2010). This situation may become particularly problematic when 

considering preferences in future scenarios, where stakeholders’ subjectivities 

and differing understanding of unfamiliar background conditions may mislead 

their stated opinions (Keat, 1997; Tompkins, 2003). Under such circumstances, 

better framing of the problem to avoid misguidance becomes an important 

factor in scenario-based exercises; however, this could in turn highly influence 

people’s choices (Fischer, 1989). 

In order to preserve a degree of objectivity in the interpretation of the proposed 

future scenarios and avoid any of the aforementioned problems, preference 

values and weights were elicited directly from the scenario narratives presented 

earlier in this chapter. This means that the assigned values in Table 3.11 strictly 

reflected the prevalent views described in section 3.2.1 for each state of the 

world. This objectivity and accuracy in the representation of scenario values and 

preferences comes at the cost of reducing the richness and complexity 

attributable to preferences elicited in the context of stakeholder discussion 

groups (Riabacke et al., 2012). For the purpose of this thesis, this simplified 

approach to weighting was considered adequate to balance the complex 
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analysis of performance regrets. Additionally, the consideration of weighting 

sets for each future scenario (and not only one based on current views) helps to 

analyse how dominant preferences in the future may or not contribute to the 

success of water management strategies (Offermans et al., 2011), whose 

outcomes go beyond the technical field and are strongly value-laden (Hoekstra, 

1998). Further, the application of such an approach is appropriate to balance 

the requirements of both MCDA and SP by eliciting perceptions and preserving 

scenario independence (Ram et al., 2010). 

An analysis and discussion of resulting reliability, resilience and sustainability 

indexes across future scenarios for each strategy is presented in Chapter 6. 

3.5.5. Robustness Indexes 

The robustness of a strategy in the future has been previously defined as its 

ability to perform well regardless of future conditions (see subsection 3.5.1). A 

“robustly reliable” (or robustly resilient or robustly sustainable) drainage strategy 

is therefore one that is reliable (or resilient or sustainable) under a number of 

future scenarios. 

As described above, the performance of each strategy was measured and 

compared in terms of regret, through normalised performance regrets, and 

reliability, resilience and sustainability indexes. These indexes were useful in 

providing a summary of reliability, resilience or sustainability for each strategy 

under any individual future scenario. As a consequence of this, the following 

step was to analyse and interpret the overall robustness of these indexes 

across future scenarios, so that an overall picture of performance could be 

provided in terms of reliability, resilience and sustainability for each alternative.  

The four reliability indexes 𝑅𝑒𝑙(𝑠, 𝑓)  obtained through Equation 3.7 were 

combined to calculate the reliability robustness index for strategy 𝑠 or 𝑅𝑜𝑏𝑅𝑒𝑙(𝑠) 

(see Equation 3.10). Resilience indexes 𝑅𝑒𝑠(𝑠, 𝑓)  and sustainability indexes 

𝑆𝑢𝑠(𝑠, 𝑓) are similarly merged into a resilience robustness index 𝑅𝑜𝑏𝑅𝑒𝑠(𝑠) and 

a sustainability robustness index 𝑅𝑜𝑏𝑆𝑢𝑠(𝑠), respectively (see Equations 3.11 

and 3.12 below). In other words, equations 3.10-3.12 express how robust the 

qualities of reliability, resilience and sustainability are for each strategy across 
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future scenarios (i.e. how “robustly reliable”, “robustly resilient” and “robustly 

sustainable”, as defined at the beginning of this section). 

𝑅𝑜𝑏𝑅𝑒𝑙(𝑠) =
∑ (𝑅𝑒𝑙(𝑠, 𝑓))𝑓

4
             for 𝑓 = 1, … ,4          (3.10) 

𝑅𝑜𝑏𝑅𝑒𝑠(𝑠) =
∑ (𝑅𝑒𝑠(𝑠, 𝑓))𝑓

4
             for 𝑓 = 1, … ,4          (3.11) 

𝑅𝑜𝑏𝑆𝑢𝑠(𝑠) =
∑ (𝑆𝑢𝑠(𝑠, 𝑓))𝑓

4
             for 𝑓 = 1, … ,4          (3.12) 

The arithmetic mean applied to either set of four scenario indexes (reliability, 

resilience or sustainability indexes) was considered an adequate representation 

of overall regret, providing an integral picture of robustness across performance 

objectives and scenarios for each strategy. Consequently, the strategies with 

the smallest reliability, resilience and sustainability robustness index (i.e. the 

smallest mean value) were regarded as the most robust alternatives in reliability, 

resilience and sustainability terms (defined here as the “mini-mean” criterion 

from now on). This criterion differed from the mini-max rule, which chooses the 

strategy that minimises the greatest regret possible across future states 

(Savage, 1954). Although the mini-max regret approach has been extensively 

used in LTPA studies (Loulou and Kanudia, 1999; Willows et al., 2003; Polasky 

et al., 2011), it has been regarded overly pessimistic (Pomerol, 2001) as it 

reduces the performance of each strategy to its single worst performing future 

scenario, regardless of its performance in other states of the world. 

The mini-mean rule proposed here through Equations 3.10-3.12, is a less 

conservative criterion since it allowed compensating low performance in some 

scenarios with good performance in others. Mini-mean is thus preferred for the 

analysis because it incorporated all available information to the decision, 

avoiding the discrimination of specific scenarios. Nevertheless, the mini-max 

rule was also applied to compare with the results obtained by the mini-mean 

criterion. 

The overall robustness of strategies for reliability, resilience and sustainability 

through use of the above defined indexes is presented in detail in Chapter 6. 
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3.6. Dynamic Assessment of Transient Scenarios 

Adaptation to the variety of threats considered in this thesis should be a 

dynamic, long-term process which accounts for the deep uncertainties affecting 

future change in the IUWWS. Contrary to traditional risk management 

approaches, future conditions are not certain and, although it is important to 

have a long-term vision of potential strategies and their performance (Haasnoot 

et al., 2013), large uncertainties imply the need to also examine adaptation in 

the short-term to avoid maladaptive lock-in and allow flexibility as conditions 

change over time (Maru and Stafford Smith, 2014). Such an approach permits 

decision-makers to commit to actions limited in time and resources (and 

therefore rectify if needed) while still allowing them to foresee the possible long-

term consequences of specific adaptation pathways. 

The perception of risk and the judgement of what is valuable and important is 

not absolute and insurmountable, but rather socially constructed, subjective and 

mutable. Such ethical issues partly determine our “limits to adaptation”; 

thresholds beyond which the state of a system is perceived as unacceptable 

under a personal or societal lens (Adger et al., 2008). Thus, as perspectives 

change, these adaptation thresholds (or adaptation tipping points, ATPs) are 

similarly shifted. Indeed, there is no intrinsic value attached to adapting to 

climate change or any other threat except that we assign to meeting specific 

objectives (Kwadijk et al., 2010). 

The management of risk and the definition of adaptation thresholds are 

frequently a representation of institutional (e.g. policies) or personal views. 

Once the adaptation threshold of an objective is reached (i.e. an ATP) the 

current management strategy is no longer able to meet that objective and new 

adaptation measures are needed. Potentially, any objective (or combination of 

objectives) could be used to set an adaptation threshold; for example, an 

economic threshold that reflects the willingness to pay for avoided impacts, or 

environmental thresholds that represent the acceptable environmental damage 

(Poff et al., 2015). 

In order to distinguish the term threshold, defined earlier in this chapter (i.e. 

failure threshold), from adaptation threshold (i.e. ATP), this thesis refers to the 
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latter as an adaptation target. The main difference between both failure 

threshold and this new adaptation target is accepting that failure is unavoidable 

and that a performance target below the failure threshold is necessary for 

realistic adaptation policies and measures to be proposed. 

In the context of this thesis, sewer flooding, river flooding and health & 

aesthetics objectives were used (individually and conjunctively) to set 

adaptation targets in the future scenarios. It was therefore assumed that these 

were the main drivers for adaptation within the urban wastewater system. 

Indeed, these are currently the main decision objectives in the context of urban 

drainage planning in the UK, although these could also change over time (a 

case that was not considered in this thesis for simplicity in applying the method). 

The values set as adaptation targets were based on the baseline performance 

(i.e. IUWWS performance in the year 2015) of the benchmark case study 

(described later in Chapter 4) and are presented in Table 3.12.  

Table 3.12: Adaptation targets considered in this thesis for reliability, resilience 

and sustainability. 

[units](*) Sewer Flooding CSOs River Flooding 

Reliability 95.6 [%] 95.6 [%] 99.6 [%] 

Resilience 5.4 [m3] 1565.4 [m3] 185.3 [m3] 

Sustainability 663.3 [m3] 1,343,674.0 [m3] 98,002.4 [m3] 

(*) reliability targets are shown as percentage of time free of failure; resilience targets 

are presented as duration-weighted magnitudes of failure; sustainability targets are 

shown as magnitude of failure associated with economic damage due to flooding and 

aesthetic/health effects of CSOs. 

Each adaptation objective in Table 3.12 refers to its performance target in terms 

of appropriate reliability, resilience and sustainability indicators (refer to Table 

3.10, for a description of these indicators). These adaptation targets assumed 

that baseline performance was the acceptable performance for the future, 

regardless of future scenarios. In reality, adaptation targets should be set 

according to changing circumstances (e.g. ecological, economic or social) and 

management shifts as new information and views unfold (Carpenter et al., 
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2006); however, for simplicity in presenting the method, these have been 

maintained constant across future scenarios. 

To allow for the dynamic assessment of strategies, and subsequently for their 

adaptive management, these adaptation targets were used to evaluate the 

compliance of strategies along the planning timeline (2015-2050). Thus, each 

strategy was assessed under each future scenario every five years (i.e. epoch 

or transient scenario), so that the performance of each intervention was 

represented by four pathways of transient scenarios that spanned from the 

baseline year 2015 to the future horizon 2050 (see Figure 3.5). 

 

Figure 3.5: An example representation of the dynamic assessment of a generic 

strategy. The compliant domain (coloured) and non-compliant domain (grey) of 

transient scenarios are shown relative to adaptation target(s). Coloured shades 

refer to regret expressed by reliability, resilience or sustainability indexes for 

each transient scenario. 

For simplicity, it was assumed that all scenario parameters (e.g. population, 

water use) varied linearly along the timeline 2015-2050 until they reached the 

levels estimated for the year 2050. As an exception, the precipitation intensity 

uplift due to climate change was assumed constant between 2015 and 2025 
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(applying a +5% uplift) and between 2030 and 2050 (applying a +10% uplift), as 

recommended by Defra (2006). The implementation of each strategy along the 

timeline was also assumed to occur gradually, so that each 5-year epoch 

represented the lead-time required to implement the proportional fraction of 

each strategy to achieve completion in 2050 (the dynamics of the 

implementation of each of the strategies relevant to the benchmark case are 

described in section 4.2.4). 

Thus, the particular scenario conditions and their variation along time were 

considered in this approach by setting 5-year assessment periods (i.e. epochs 

in 2020, 2025, 2030, 2035, 2040, 2045 and 2050 in Figure 3.5). The time epoch 

when a strategy violates an adaptation target is referred to as its “sell-by-date” 

(Haasnoot et al., 2012); i.e. the period when a strategy option is expected to 

require adaptation or additional measures to be put in place due to an 

interruption of its compliant pathway of transient scenarios (grey areas in Figure 

3.5). The assessment at the end of each epoch (e.g. 2020 for the epoch 2015-

2020) was assumed to be representative of the full epoch, which may well be 

the case when considering, for example, Asset Management Periods (AMPs) 

for infrastructure investment applicable in the UK. 

The dynamic compliance of each strategy with a single or a set of adaptation 

targets was therefore determined by its compliant domain (coloured tiles in 

Figure 3.5), which was defined by: 1) four pathways of 5-year transient 

scenarios spanning the period 2015-2050; 2) the ability of each strategy to 

comply with specific objectives, represented by adaptation targets, along each 

pathway; 3) the ability of each strategy to perform well relative to other 

alternatives along each pathway of transient scenarios (i.e. reliability, resilience 

or sustainability regrets) to provide for future adaptability. This meant that 

performance could be visually evaluated in terms of the characteristics of the 

compliant domain (size, dominant colour of regrets, etc.)  

Firstly, the dynamic assessment of strategies along the pathway of transient 

scenarios consisted of the evaluation of the size of the domain of satisfactory 

performance, in particular as regards to: the number of complying epochs 

across the scenarios as well as the uninterrupted (i.e. compliant) pathways that 
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were not vulnerable (i.e. non-compliant) to one or more adaptation targets. 

Secondly, regret in the form of reliability, resilience or sustainability indexes 

( 𝑅𝑒𝑙(𝑠, 𝑓) , 𝑅𝑒𝑠(𝑠, 𝑓)  or 𝑆𝑢𝑠(𝑠, 𝑓)  as previously defined) was considered to 

evaluate the quality of compliant pathways in providing additional benefits to the 

system. For this assessment, if a strategy’s regret was one (i.e. full-regret) in 

any transient scenario, being therefore the worst performing solution for all 

objectives, then the strategy was also defined as “non-compliant” for that 

transient scenario, regardless of its compliance with the adaptation target (i.e. 

that transient scenario was added to those epochs that do not comply with the 

adaptation target; in a grey shade in Figure 3.5). 

As a consequence, this approach takes a step further in operationalising multi-

objective planning, which may be crucial in the future as adaptation targets 

change overtime and require improved performance (e.g. planning for multi-

functionality to incorporate ecosystem services; Hansen and Pauleit, 2014). 

This type of assessment is developed in Chapter 7 for single and multiple 

adaptation targets concerning reliability, resilience or sustainability objectives 

(individual domains of transient scenarios). In addition to this, the individual 

domains were overlapped to analyse the compliance of strategies to adaptation 

targets for reliability, resilience and sustainability altogether (mutual domains of 

transient scenarios). This last case was represented by colouring the shades of 

regret according to the mean of the corresponding reliability, resilience and 

sustainability indexes. 

3.7. Summary 

In this Chapter the main research framework to be applied to the case studies 

later in the text was described.  

The framework started with the description of four future scenario narratives in 

the year 2050 (Markets, Innovation, Austerity and Lifestyles), developed on the 

basis of previous work associated with future scenarios in the UK and other 

assumptions. The narratives were used as the foundation to establish the main 

internal threats (misconnections, water use, sewer infiltration, sewer siltation 

and technological preference) and external threats (population and climate 
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change) affecting wastewater systems in the future. These narratives and 

various literature sources were employed to qualitatively and quantitatively 

estimate the range of uncertainty applicable to each case, so that the scenarios 

represented an ample and plausible possibility envelope to analyse future 

uncertain conditions. 

A number of strategies for the management of stormwater and wastewater were 

proposed to cover a wide range of alternatives that could be implemented at the 

catchment-scale to alleviate the likely effects of future threats from an UK 

perspective. These included: the mitigation of urban creep, on-site wastewater 

management in new developments, retrofit roof and road disconnection in 

existing urban areas, retrofit sewer separation, and sewer rehabilitation and 

storage expansion. Future maintenance failure states affecting centralised and 

decentralised strategies for the different scenarios were also described to 

explore an additional level of uncertainty that could importantly deteriorate 

future performance.  

The concepts of threat, impact and consequence in the context of urban 

drainage systems and their relationship with adaptation, mitigation and coping 

strategies were presented as part of the Safe&SuRe framework for the 

assessment of impacts and consequences applied to IUWWSs. The concepts 

of reliability (i.e. annual probability of failure), resilience (i.e. failure severity) and 

sustainability (i.e. consequences of failure to the wider social, economic and 

environmental systems) were discussed and presented. The objectives 

considered for the assessment of strategies were identified as sewer and river 

flooding, river dissolved oxygen and ammonia, health and aesthetics, GHG 

emissions, cost and acceptability. Performance indicators associated with each 

objective were developed in order to operationalise reliability, resilience and 

sustainability as outputs of IUWWS models. 

A regret-based approach to multi-criteria decision making was developed 

(integrating SP and MCDA) in order to: facilitate the comparison of performance 

objectives across strategies; facilitate the analysis of trade-offs between 

performance objectives likely to be found across scenarios; aggregate multiple 

performance indicators into single reliability, resilience and sustainability 
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indexes; and assess the robustness of each strategy regarding reliability, 

resilience and sustainability under a variety of future scenario conditions. 

Finally, a method to dynamically assess the compliance and adaptability of 

strategies relative to a number of adaptation performance targets (in terms of 

sewer and river flooding, as well as CSO spills) along transient scenarios was 

presented. The method permitted to account for reliability, resilience and 

sustainability performance by incorporating results from the regret-based 

analysis at each 5-year epoch, so that compliant domains and multi-criteria 

regrets could be simultaneously considered. 

A detailed account of the application of the research framework to two case 

studies (particularly as related to the description and modelling of the IUWWS, 

the definition of scenarios, and detailed proposed strategies) is presented in 

Chapter 4, due to the specific characteristics of each case. 
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4. APPLICATION OF FRAMEWORK TO CASE STUDIES 

4.1. Introduction 

This chapter provides a detailed description of two case studies used for the 

application of the research framework presented in Chapter 3.  

The present chapter is structured in two main parts (sections 4.2 and 4.3), each 

devoted to one case study. These sections start by providing a description of 

the IUWWS (subsections 4.2.1 and 4.3.1, respectively) followed by details 

regarding the modelling of the IUWWS (subsections 4.2.2 and 4.3.2, 

respectively). The representation of future scenarios in each IUWWS 

(subsections 4.2.3 and 4.3.3, respectively) is then followed by detailed 

descriptions of the proposed strategies and their representation in each model 

(subsections 4.2.4. and 4.3.4, respectively). Finally, additional details on 

elements required for the assessment of strategies (e.g. performance indicators, 

costing and acceptability) are provided for each case study in subsections 4.2.5 

and 4.3.5, respectively. 

4.2. Case Study 1: Benchmark Model 

4.2.1. Description of the Integrated Urban Wastewater System 

The IUWWS for the first case of study is a semi-hypothetical benchmark case 

originally defined by Schütze et al. (2002) and later modified by Butler et al., 

(2008). The integrated case study consists of three main components, namely: 

urban catchment and sewer system, wastewater treatment plant system 

(WWTP), and river system (see Figure 4.1). 
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Figure 4.1: Schematic representation of the IUWWS for the benchmark case 

study (Casal-Campos et al., 2015b). 

The catchment system is defined by 15 individual sub-catchments, whose main 

characteristics are outlined in Table 4.1. A simplified combined sewer network 

serving the 15 sub-catchments has been also added to the case study, as 

defined in Butler et al. (2008), in order to replicate the response of the original 

system with the additional benefit of simulating sewer flows, surcharge and 

above ground flooding. The sewer network consists of 29 circular pipes (each 

with a diameter of 1.2 metres and a total length of 6,200 metres) and 29 

standard manholes, each with a standard depth of 2 metres. The network 

directs all domestic and storm flows to the wastewater treatment plant through 

an on-line pass-through tank (7000 m3), connected to a CSO. The tank 

forwards flow to the treatment plant at a maximum rate of 137,500 m3/day 

(approximately five times the daily dry weather flow in the catchment). When the 

inflow into the tank exceeds this rate, the tank starts to fill up and eventually 

overflows to the river system if the storage capacity is insufficient. 
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Table 4.1: Main characteristics of the sub-catchments defined in the benchmark 

case study (adapted from Butler et al., 2008). 

Sub-
catchment 

Total 
Area 

Impervious 
Area 

Pervious 
Area 

DWF Population Properties 

S1 28.7 22.1 6.6 13.9 6,672 2,583 

S2 45 34.7 10.4 22.4 10,752 4,050 

S3 48.5 37.3 11.2 24.8 11,904 4,365 

S4 72.2 55.6 16.6 33.1 15,888 6,498 

S5 96.9 74.6 22.3 53.4 25,632 8,721 

S6 38.7 29.8 8.9 18.9 9,072 3,483 

S7 58.8 45.3 13.5 28.2 13,528 5,292 

S8 78.7 60.6 18.1 37.9 18,192 7,083 

S9 33.7 25.9 7.8 17.4 8,352 3,033 

S10 33.7 25.9 7.8 17.6 8,448 3,033 

S11 45.5 35.0 10.5 23.4 11,232 4,095 

S12 35 27.0 8.1 17.3 8,304 3,150 

S13 53.5 41.2 12.3 25.2 12,096 4,815 

S14 35 27.0 8.1 17.3 8,304 3,150 

S15 55 42.4 12.7 26.3 12,624 4,950 

Total 
Units 

758.9 
ha 

584.4 
ha 

174.5 
 ha 

377.1 
L/s 

181,000 
inhabitants 

68,301 
dwellings 

The wastewater treatment plant, as described by Schütze et al. (2002), is based 

on a real example in Norwich and has capacity to treat a maximum flow of 

82,500 m3/day. The excess flows forwarded from the sewer network are stored 

in a storm tank (off-line pass-through tank, 6750 m3), overflowing to the river 

system. The tank is emptied at a maximum flowrate of 500 m3/h, returning the 

stored wastewater to the treatment process when the inflow to the primary 

clarifiers drops below a certain threshold (1000 m3/h, just below the daily dry-

weather flow). The wastewater flow entering the treatment process follows a 

typical activated sludge arrangement, including: primary treatment (primary 

clarification) and secondary biological treatment (aeration and secondary 

clarification).  

The river defined for the case study is a hypothetical 40-km river divided in 40 

equal stretches. The river base flow is 1.5 m3/s (129,600 m3/d), which results in 

a 1:5 dilution factor of dry-weather treatment plant discharges to the river. The 

intermittent discharges from the CSO in the sewer network are located at reach 

7, and those from the storm tank and the treated effluent of the plant are 

combined and discharged at reach 10. 
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4.2.2. Modelling of the Integrated Urban Wastewater System 

The IUWWS model of study was constructed on the basis of the integrated 

model of Schütze et al. (2002, 1999). The original integrated model has been 

extensively used to report on the benefits of integrated real time control 

strategies to improve river water quality (i.e. dissolved oxygen and ammonia) 

through control of diurnal patterns of WWTP and CSO discharges (Butler and 

Schütze, 2005; Fu et al., 2008, 2010). 

The integrated model used in this study was built using the SIMBA 6.0 

simulation tool, developed by the Institut für Automation und Kommunikation 

(Ifak, 2007a). This is a modelling tool based on the MATLAB/SIMULINK 

environment, which allows users to construct and develop specific modelling 

modules tailored to their needs (e.g. wastewater treatment processes, elements 

of the catchment and sewer network, etc.) 

The integrated model consists of four main simulation sub-systems to simulate 

water quantity and quality processes taking place in the catchment, sewer 

network, WWTP and river. A number of conversion blocks were included as part 

of the integrated model to allow for the interaction between sub-models which 

are defined by different state variables. These are necessary elements to 

convert chemical oxygen demand (COD) fractions in the sewer model or WWTP 

model into biochemical oxygen demand (BOD) fractions (details can be found in 

Schütze et al., 2002). This permitted the dynamic interaction of continuous and 

intermittent sewer discharges (WWTP effluent and CSO spills) with river quality 

processes. Consequently, all the sub-models, integrated as a single system, 

could be synchronously run. 

The rainfall-runoff and flow routing processes in the catchment were modelled 

using KOSIM (developed by the Institut für Technisch-Wissenschaftliche 

Hydrologie, ITWH, 1995), integrated in SIMBA 6.0 (Ifak, 2007a). This 

distinguishes between impervious (wetting, depression and evaporation losses 

are all considered) and pervious surfaces (Horton’s method for infiltration 

adapted for use in long-term simulations) to route flow on each sub-catchment 

using Nash cascades (linear cascade reservoirs). Due to its simplicity, this 
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approach permitted rapid simulation of the sub-model, an important 

characteristic to bear in mind when building integrated models. 

Pollutants in sub-catchments were assumed to originate from three main 

sources: dry weather flow, inflow from extraneous sources and rainfall-runoff 

generation. The pollutants simulated in the sewer system and the treatment 

plant included suspended solids (SS), volatile suspended solids (VSS), total 

chemical oxygen demand (CODt), soluble chemical oxygen demand (CODs) 

and total ammonia (NH4). The dry weather flow and its pollutant concentrations 

were defined by hourly diurnal patterns whereas the other sources were 

considered as constant pollutant concentrations in the model (refer to Appendix 

A for details). All the assumed values were taken from data sets sampled for the 

original case study in Norwich, as described in Schütze et al. (2002). 

The sewer network was modelled using the hydrodynamic storm water 

management model, version 5.0.013 (SWMM 5). SIMBA 6.0 makes use of the 

SWMM executable file to simulate the sewer system from the 

MATLAB/SIMULINK environment. This allowed simulating pipe flows using the 

dynamic wave routing method, which includes the ability to model backwater 

and surcharge effects, as well as above ground flooding (i.e. surface ponding) 

(Rossman, 2010). The pollutants in the sewer system were assumed to be 

completely mixed and not undergoing any biochemical transformation 

processes. All the sewer pipes were defined by a diameter of 1.2 metres, a 

uniform pipe gradient of 0.005, and a Manning roughness coefficient of 0.013 

s/m1/3 (Butler et al., 2008). 

The WWTP was modelled using the Activated Sludge Model No.1 (ASM1) 

which is generally accepted as a state-of-the-art model for the simulation of 

municipal activated sludge wastewater treatment plants (Henze et al., 1986). 

This modelling approach, developed by a working group of the International 

Water Association (former IAWPRC), has been extensively used to evaluate 

processes and automate the control of wastewater treatment plants (Meirlaen et 

al., 2001; Jeppsson et al., 2011). In the integrated model, several processes of 

the original ASM1 have been modified to make it more flexible and adaptable to 

various situations, for example, the low-loaded plants where all ammonia may 

be nitrified or incorporated, resulting in concentrations below zero (Ifak, 2007b). 
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The settling processes are modelled by the double exponential settling velocity 

function of Takács et al. (1991), because of its international acceptance. Some 

details of the treatment components modelled in the plant are provided in 

Appendix A. 

The river system was also modelled in SWMM 5, allowing for backwater effects 

and biochemical transformation processes affecting river pollution. The river 

was represented as an open channel consisting of 40 trapezoidal reaches of 

bottom width 3.5 m, top width 6.04 m, depth of 3 m, slope of 0.0001, and a 

Manning number of 0.035 s/m1/3. A water quality model was integrated in the 

form of Petersen matrix notation, incorporating a number of processes (e.g. 

reaeration, decay of organic matter, nitrification) affecting dissolved oxygen 

(DO), ammonia (AMM), and biochemical oxygen demand (BOD) concentrations 

in the river. This is based on an oxygen model developed at Wageningen 

Agricultural University (Lijklema et al., 1996) and whose main feature is the 

modelling of organic matter (in terms of BOD) in two different fractions (slowly, 

BODs, and readily biodegradable, BODr), so that the different biodegradability 

characteristics of CSO discharges and wastewater treatment plant effluent can 

be both adequately considered. The boundary and initial conditions assumed 

for river water quality variables at the upstream reach (before interaction with 

the IUWWS) were defined as follows: base flow 1.5 m3/s; AMM 0.09 mg/L; 

BODr  0.00 mg/L;  BODs 1.80 mg/L; DO 9.00 mg/L (Schütze et al., 2002). 

4.2.3. Representation of Future Scenarios 

The parameter estimates for each future scenario, presented in Chapter 3 (), 

were applied to the benchmark case study, as shown in Table 4.2. These 

parameters were mostly related to changes in catchment permeability and to 

the variation of sewer inflows, which could threaten system capacity in the 

future. 

Permeability changes were represented by the rate of urban creep occurring in 

the baseline catchment (i.e. loss of permeable area to impervious area in the 

original catchment) and by the increase in impervious area occurring as a 

consequence of urbanisation (i.e. new developments). Urban creep was 

modelled as the loss of a fraction of pervious area which was added to the 
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impervious area fraction in each sub-catchment. The urban creep fraction 

remained connected to the combined sewer system, as opposed to the 

impervious area added due to new developments, which was considered to be 

managed by separate sewers. The impervious fraction due to new 

developments was calculated by assuming an occupancy rate of 2.4 inhabitants 

per property, an urban density of 90 houses/ha and an impermeable area rate 

of 77% (34% roofs and 43% roads); typical values in UK terraced residential 

developments (Ward et al., 2012). 

Table 4.2: Parameter estimates affecting benchmark case conditions under 

each future scenario. 

Parameter Baseline Markets Innovation Austerity Lifestyles 

Misconnections (L/s) - 7.8 0.9 4.1 1.7 

Urban creep (ha) - 87.7 58.4 70.1 29.2 

Water use (L/head/day) 155 165 125 140 110 

Infiltration (L/s) 52.4 163.7 40.5 200.1 135.5 

Siltation 0.97 0.92 1 0.84 0.92 

Population (inhabitants) 181,000 262,450 244,350 217,200 226,250 

CC precipitation uplift (%) - 10 10 10 10 

Impervious area in new 
developments (ha) 

- 290.0 226.0 129.0 161.0 

Sewer inflows in each sub-catchment were determined by the combination of 

misconnections, groundwater infiltration, and water use flow rates occurring 

under each future scenario. Foul sewers misconnected to storm sewers were 

considered a factor that could deteriorate future background water quality in the 

river, as wastewater is discharged untreated directly into the watercourse, along 

with surface runoff from new developments. Misconnections only occurred as a 

consequence of urban development (no misconnections in the baseline case), 

since the baseline river quality was assumed to account for any existing 

background pollution. In each scenario, the population growth relative to the 

baseline determined the amount of misconnected foul sewers discharging into 

surface sewers occurring in each sub-catchment (based on the rate of 
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misconnections assumed under each future scenario). The new dry-weather 

flow for each sub-catchment was then calculated by adding the new domestic 

water users (i.e. new population) and deducting the misconnected flow. 

Misconnections were assumed to have the same flow and pollutant 

concentration patterns as domestic wastewater. 

Infiltrated groundwater was considered as an extraneous inflow evenly 

distributed throughout the catchment. Groundwater flows infiltrating into 

combined sewers were modelled as a rate of the total dry weather flow from 

each sub-catchment. This resulted in an external flow being added to each sub-

catchment throughout the year, independently of rainfall events, with an 

assumed pollutant load equivalent to rainfall runoff. 

The effect of siltation, which represented system capacity loss in sewer pipes 

due to deposited sediment, was modelled as the corresponding reduction in 

pipe diameter under each scenario (corresponding to the full-pipe area 

reduction presented in Table 4.2). This approach was considered adequate, 

given that the scenario assumptions in  explicitly refer to full-pipe capacity loss, 

which would have been less accurately represented by other methods (e.g. 

roughness coefficient increase). This approach had the added advantage of 

helping comparatively analysing pipe hydraulic loss of scenarios in relation to 

the baseline and its effects in the IUWWS. 

Finally, the annual precipitation increase due to climate change was modelled 

using an annual average uplift for rainfall intensities. The rainfall time series 

used for the purpose of the study is a representative data series for annual 

precipitation (621.5 mm) in the catchment (see Figure 4.2). This was introduced 

in the model in the form of a 5-minute intensity time varying data file and 

modified by applying the 10% uplift due to climate change, expected for annual 

average conditions in the year 2050. 
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Figure 4.2: Annual rainfall time series used in the benchmark case (Schütze et 

al., 2002) 

4.2.4. Description and Representation of Strategies 

The strategies described in this section were designed on the basis of the 

proposed strategy types presented in Chapter 3 (section 3.3) and on their 

implementation potential in UK urban catchments. The strategies considered in 

the benchmark case study affected two types of urban areas in the catchment; 

the existing baseline area (original urban area, presented in Table 4.1) and the 

new development area (occurring as a consequence of urbanisation due to 

population growth in the catchment under future scenarios). The newly 

urbanised area was added to the baseline area to define future scenario 

conditions. New development areas were thus connected to the combined 

sewer network by discharging their domestic wastewater flows; however, 

surface water from new developments was served by separate storm sewers, 

which directly discharge runoff into the river (a common practice in new 

developments in the UK).  

In this context, strategies that were only implemented in the baseline area were 

defined as “retrofit” strategies, as opposed to those strategies which were 
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implemented in new developments, or those that serve both area types (e.g. 

rehabilitation of the combined sewer network). The implementation of all of 

these interventions was assumed to occur gradually in 5-year epochs within the 

period 2015-2050 to achieve completion by 2050. 

Urban creep mitigation (retrofit) (SCC) 

“Urban creep” is the term used in the UK to describe the gradual loss of 

permeable area to impermeable area in the urban environment. This 

phenomenon can occur as a consequence of the construction of patios or the 

paving of front gardens and driveways to create hard-standing parking areas 

(some graphic examples are provided in Figure 4.3). 

 

Figure 4.3: Examples of urban creep in the UK (front gardens are paved using 

impermeable surfaces). 

A strategy for the mitigation of urban creep (SCC) was assumed to take place 

through the provision and installation of permeable pavement for the 

development of hard-standing areas in residential front gardens (see Figure 4.4). 

This was assumed to be enforced by local authorities through strict planning 

permission (DCLG, 2008; Ellis and Revitt, 2010). Costly permeable pavement 

options, such as concrete monoblocks, were selected on the basis of the 

preference of the public for this typology (i.e. revealed and by take-up rates), as 

opposed to cheaper alternatives (e.g. gravel) (Shaffer et al., 2009; Wright et al., 

2011). 

The area served by this intervention was limited to the “creeped” area itself and 

varied according to scenario conditions, whereby urban creep rates were 
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different. It was further assumed that the infiltration capacity of the permeable 

pavement applied to this alternative was enough to infiltrate all the annual 

events considered in the study. Indeed, the permeable pavement used for this 

intervention was based on standard technical specifications (Marshalls, 2013) 

(a storage sub-base 0.3 m deep with a 30% void ratio able to infiltrate the total 

storage capacity in 24 hours), resulting in a storage capacity of 0.1 m3 per m2 of 

permeable pavement installed. This design specification was more than enough 

to store and infiltrate the runoff generated by the rainfall intensities of the typical 

year time series considered in the study, assuming an average size of 16 m2 

per driveway (Wright et al., 2011). The SCC strategy was modelled by removing 

the equivalent area affected by urban creep occurring under each future 

scenario from the impermeable fraction of each sub-catchment. This resulted in 

the removal of between 5% and 15% of the existing impermeable area in the 

benchmark catchment depending on future scenario (between 29 ha and 88 ha, 

respectively). 

 

Figure 4.4: Urban creep mitigation is possible by using permeable pavements 

such as concrete monoblocks (Marshalls, 2013). 

Bioretention planters for roads (retrofit) (SCP) 

The provision of alternative drainage for pavements and roads (SCP) was 

delivered by retrofitting bioretention planters in half of the residential roads of 

the catchment as resurfacing was required (i.e. opportunistic retrofitting or 

“nibbling”, see Figure 4.5). This disconnection rate is suggested on the basis of 

the feasible implementation potential of retrofit SuDS in off-road hardstanding 

surfaces in UK catchments (Environment Agency, 2007). Half of the road area 



 

165 

in the catchment (21.5% of total area) was therefore disconnected from the 

combined sewer system by implementing this strategy (including the space 

taken by the bioretention planters themselves).  

Bioretention planters were assumed to have a storage capacity of 300 mm per 

square meter  (i.e. 0.3 m3/m2) and to be able to infiltrate all the stored volume in 

under 24 hours (Islington Council, 2011). Given a maximum rainfall depth in 24 

hours of 47.52 mm for the rainfall time series considered in the study, each 

square metre of bioretention planter could serve about six square metres of 

adjacent paved areas (i.e. this contributing area would generate a maximum of 

0.29 m3, just under the 0.3 m3 available for storage in each square metre of 

planter). This strategy was modelled by gradually removing the total 

disconnected road area from the impervious fraction of each sub-catchment in 

the model every 5 years between 2015 and 2050. This resulted in 163 ha of 

roads, representing 28% of the impermeable area in the catchment, being 

removed from the impermeable fraction in 2050. 

 

Figure 4.5: An example of bioretention planters serving roads and other 

adjacent areas (USEPA, 2012) 

Roof disconnection to rain gardens (retrofit) (SCR) 

Disconnection of residential roofs (SCR) (see Figure 4.6) was achieved by 

reconnecting downpipes into retrofitted rain gardens, each serving a roofed 

area of 30 m2 (Ward et al., 2012). Due to the simplicity of this intervention, it 

was assumed that roof disconnection had the maximum implementation 
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potential (i.e. all roofs are disconnected), while ensuring that the impermeable 

area removed did not exceed the disconnection rates typically assumed in 

similar retrofit studies in the UK (Ashley et al., 2010; Stovin et al., 2013). The 

dimensions of each rain garden were assumed to be as in a retrofit case study 

in London designed to serve a 30 m2 residential roof (Defra, 2013; Islington 

Council, 2011). These design dimensions were enough to store and infiltrate the 

roof runoff generated by any of the rainfall events simulated in the one-year 

time series considered (assuming a temporary storage capacity of 20 mm and 

adequate soil conditions, i.e. drains 50 mm/hour) (Bray et al., 2012). This 

intervention was modelled by removing the equivalent roofed area from the 

impervious fraction of each sub-catchment every 5 years for the period 2015-

2050 (to achieve a disconnection of 34% of the total area in 2050). This resulted 

in the removal of 258 ha of contributing area from the original catchment in 

2050 (around 44% of the impermeable area). 

 

Figure 4.6: An example of roof downpipe disconnection (USEPA, 2012) 

Alternative downpipe disconnection options, such as water butts or soakaways, 

were considered less suitable for this purpose. Conventional water butts require 

frequent user interaction (i.e. emptying) to operate adequately, otherwise 

limiting their attenuation capacity and storage. On the other hand, visible “green” 

options like raingardens were preferred to soakaways, which seem to promote 

“out-of-sight-out-of-mind” views for stormwater management (Wong and Eadie, 

2000). These visible alternatives may additionally facilitate engaging with the 

public and promoting more active roles in maintenance tasks (Ashley et al., 

2013). 
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Separation of combined sewers (retrofit) (SS) 

Retrofit separate sewers (SS) were proposed to redirect half of the 

corresponding runoff generated in the baseline catchment directly into the 

receiving water body by means of new storm sewers (see Figure 4.7). The 

capacity of the storm drain was assumed to be enough to convey the modelled 

runoff without surcharging. This intervention can potentially free-up capacity in 

the combined sewer network to allow for additional future flows to be managed 

by the combined sewer system. All the domestic wastewater in the catchment 

was still discharged into the existing combined sewer system (except the flows 

corresponding to misconnected sewers). 

This strategy was modelled by gradually removing half of the impervious area of 

the baseline (i.e. 292 hectares) urban catchment in the period 2015-2050 (i.e. 

by incrementally removing a proportional fraction every 5 years) and introducing 

a sub-catchment of equivalent area that discharged runoff directly into the river 

at reach 10, simulating the hydraulic response and pollution effect of surface 

drains (pollutant load corresponding to rainfall-runoff only). 

 

Figure 4.7: A schematic representation of a combined sewer converted into a 

separate sewer system (foul and stormwater) 
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Rehabilitation of combined sewer infrastructure (CS and CST) 

A conventional rehabilitation alternative (CST) was proposed by means of two 

measures: enlargement of all the sewer pipes in the network (diameter increase 

from 1.2 to 1.5 m) and construction of an off-line storage unit (50,000 m3). This 

alternative was designed to expand the carrying capacity of sewers and to 

reduce the annual number of untreated spills (i.e. CSOs) in the system. The 

storage capacity of the tank was comparable to the attenuation provided by 

raingardens in the SCR strategy (details available in Appendix B). The new off-

line underground storage unit (see Figure 4.8) captured the CSO discharges 

from the existing sewer storage tank (7000 m3) during storms and forwarded 

them to the WWTP once there was spare treatment capacity. The wastewater 

stored in the new tank is returned to the inlet of the treatment plant at a rate of 

27,500 m3/day once the flow to the treatment plant from the existing storage 

tank drops below 55,000 m3/day. These interventions were assumed to be 

implemented by gradually increasing the pipe diameters and storage capacity in 

the system every 5 years within the period 2015- 2050, so that completion was 

achieved in the year 2050. 

 

 

Figure 4.8: Existing (top) and new (bottom) arrangement of the storage tank 

before and after introducing an additional storage unit. 



 

169 

The new storage unit was also provided with an overflow discharging to the 

river in case of exceedance (in the same discharge point as the previous CSO). 

The reduction in pipe effective area applied under each scenario (representative 

of the effect of siltation) was removed when considering this strategy, since 

pipes were considered relatively new and not subject to the ageing of older 

pipes. Groundwater infiltration was still applied because infiltration was 

assumed to occur mostly in smaller local pipes and connections not modelled 

for the purposes of this study, so that these were unaffected by this 

rehabilitation option. 

An additional and simpler rehabilitation option, considering the replacement of 

main sewer pipes in the network alone (CS strategy; i.e. CST without a new 

storage tank), was also modelled in order to evaluate the effect of hydraulic 

capacity enlargement in the system apart from centralised storage. 

On-site wastewater treatment (OT) 

On-site wastewater treatment and disposal (OT) was proposed for half of the 

new housing developments constructed in the period between the baseline and 

the year 2050 under each scenario (by disconnecting half of the houses 

developed every 5 years within the period). This strategy affected as many as 

16,970 new properties (a population of around 40,725) in the Markets scenario, 

and as few as 7,542 properties (a population of around 18,100) in the Austerity 

scenario, with intermediate values in Innovation and Lifestyles. Decentralised 

treatment of domestic wastewaters was assumed to happen at a local treatment 

plant (by-passing the current combined sewer system and the existing WWTP) 

from where the treated effluent is discharged into the river. This strategy may 

free-up capacity in the combined sewer system to cope with some of the future 

conditions considered in this study. This intervention was represented in the 

model as a treated wastewater flow (to the same standard and with the same 

diurnal pattern as in the original WWTP under dry-weather conditions, SS: 20 

mg/L; VSS 15 mg/L; COD 75 mg/L; CODs 55 mg/L; NH4 3 mg/L; NO3 0 mg/L) 

being discharged into the receiving water at reach 10, along with other 

wastewater effluents from the centralised WWTP plant. 
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Hybrid Strategies 

A number of hybrid strategies, combining interventions in existing (i.e. retrofit) 

and new developed areas, were proposed in addition to the above stand-alone 

solutions. Such “hybrid strategies” were considered potentially more feasible 

and achievable, given the reduced implementation rates for each of the 

considered strategy types. Hybrid strategies (in particular mixed centralised and 

decentralised technology options) may additionally provide a higher degree of 

flexibility and adaptability to urban water systems (Makropoulos and Butler, 

2010; Libralato et al., 2012; Dobbie et al., 2016). These multi-concept strategies 

(as opposed to the previous mono-concept stand-alone strategies) become 

particularly important when considering robust solutions across different world 

views that aim at satisfying a number of potential stakeholders and objectives, 

finding compromises that reflect the complexities of water infrastructure policies 

(Poustie et al., 2014). 

Hybrid strategies in the benchmark case were proposed as a combination of 

fractions of original stand-alone mono-concept strategies, namely: roof 

disconnection, sewer separation and on-site wastewater treatment. These three 

strategies were selected as representative for retrofit decentralised, retrofit 

centralised and new development solutions, respectively. These were 

integrated so that the resulting hybrid strategies removed an annual volume of 

stormwater and wastewater equivalent to that of runoff removed by SCR from 

the combined sewer system. Thus, the SCR strategy was used as the reference 

to define hybrid options, mainly due to the results obtained later in the text 

where SCR showed the most promising mono-concept performance. 

Initially, it was assumed that disconnecting half of the existing roofs was an 

ambitious but feasible option. This means that the complementary strategies 

that make up the hybrid mix should account for the removal of an annual 

volume of stormwater/wastewater equivalent to that one associated with the 

runoff generated by half of the roofs. This was calculated (refer to Appendix B) 

equivalent to providing on-site wastewater treatment to an average of 31.5% of 

new developments across scenarios (63% of the OT strategy), or to 

implementing separate sewers for 20% of the existing catchment (40% of the 

SS strategy). Table 4.3 shows the proposed hybrid solutions by integration of 
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the previous fractions. Only as many as two fractions were combined in order to 

better understand the contributing effect of each strategy type to the hybrid mix. 

Further, it was assumed that a higher number of combined strategies may be 

unfeasible to implement across all the considered future scenarios, given their 

differing views on centralised and decentralised interventions. 

Table 4.3: Hybrid strategies proposed for the benchmark case study as the 

combined fractions of selected mono-concept strategies.  

Strategy SCR SS OT CS CST(*) 

Hybrid1 (H1) 0.50 - 0.63 - - 

Hybrid2 (H2) 0.50 0.40 - - - 

Hybrid3 (H3) - 0.40 0.63 - - 

Hybrid4 (H4) 1 - - 1 - 

Hybrid5 (H5) 0.50 - - - 0.50 

(*) CST refers to the storage tank intervention only (no sewer rehabilitation). 

In addition to this, the disconnection of roofs (SCR) and the rehabilitation of 

combined sewers in the network (CS) have been also combined (H4 in Table 

4.3) to compare the performance of decentralised infiltration (in the form of rain 

gardens) against centralised storage (large tunnel storage implemented in the 

CST strategy). A combination of centralised storage (CST strategy without 

sewer pipe rehabilitation) and roof disconnection was also considered (H5 in 

Table 4.3) to assess the extent to which decentralised runoff control could 

complement the installation of centralised sewer storage schemes while 

reducing sewer replacement requirements. 

4.2.5. Assessment Details 

Table 4.4 shows the specific indicators used in the benchmark case for the 

assessment of reliability, resilience and sustainability concerning different 

objectives. This table complements the generic description of indicators 

provided in Chapter 3 (see Table 3.10), introducing details on thresholds and 

descriptions that apply specifically to the benchmark case study. 
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Table 4.4: Performance indicators used to define impacts and consequences in 

the benchmark case study. 

Objective Reliability indicator Resilience indicator Sustainability Indicator 

Sewer 
Flooding 

% time free of flood 
Summation of duration-

weighted flood 
volumes [m3] 

Total flood volume [m3]  

River DO % time DO >4 mg/L 
Summation of duration-
weighted DO minima 

[mg/L]  

6-hour minimum 
dissolved oxygen [mg/L] 

River AMM % time AMM <4 mg/L 
Summation of duration-
weighted AMM maxima 

[mg/L] 

99 percentile total 
ammonia [mg/L] 

Health and 
Aesthetics 

% time not spilling 
Summation of duration-
weighted spill volumes 

[m3] 
Total spill volume [m3] 

River 
Flooding 

% time free of flood 
Summation of duration-

weighted flood 
volumes [m3] 

Total flood volume [m3] 

GHG 
Emissions 

- - 
Total operational 

emissions from pumping 
and treatment [tCO2] 

Cost - - PV of whole-life costs [£] 

Acceptability - - 
Acceptability level of 

strategies [1/2/3] 

The annual probability of non-failure associated with reliability indicators in 

Table 3.10 was translated as the fraction of time free of failure in the assessed 

year (e.g. percentage of time free of flood). The water quality threshold for 

dissolved oxygen and total ammonia has been set to 4 mg/L, following previous 

studies that reported on the benchmark case study (Schütze et al., 2002; Fu et 

al., 2008).  

The threshold for river flooding was set as the river flow required for the river 

stage to reach the banks, according to Manning’s equation for open channels, 

𝑄 =
1

𝑛
× 𝐴 × 𝑅2/3 × √𝑆                                      (4.1) 

𝐴:  cross-sectional area of channel (m2); 𝑅:  hydraulic radius (m) (relation 

between area and wetted perimeter); 𝑆: channel slope; 𝑛: Manning’s coefficient . 
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This results in a river flow threshold of 5.16 m3/s, associated with a stage (river 

level) of three metres (i.e. threshold for overbank flow for the assumed 

trapezoidal channel section). 

The capital and maintenance costs of each strategy were calculated on the 

basis of unit cost estimates found in the literature and other relevant sources 

(see Appendix C for more details). These estimates were employed to calculate 

the present value of the investment, according to the method described in 

Chapter 3 through application of Equation 3.3 (detailed annual cash flows of 

capital investment and operation and maintenance costs for each strategy are 

provided in Appendix C). Cost estimates were considered independent of 

scenario conditions, except for the OT and the SCC strategies, which were 

affected by the amount of new developments and urban creep occurring in each 

scenario, respectively. In this sense, the proposed scenarios did not account for 

uncertain changes in the valuation of capital works or maintenance schemes, so 

that most cost estimates did not vary from scenario to scenario. Given the 

nature of the assessment involved in this study, such potential cost differences 

would have applied to all strategies under each scenario (for example, by 

associating an increase or decrease in costs to the learning rate of different 

energy sources), meaning that these effects would have not been meaningful 

for comparative purposes, such as those carried out in this study.  

A summary of the whole life costs required for each strategy and scenario is 

provided in Table 4.5, based on the previous calculations. 

A simple scoring system (i.e. low (1), medium (2) or high (3) acceptability) was 

used to comparatively value alternatives based on the acceptability preferences 

previously established under each scenario (see Table 4.6). In scenarios with a 

preference for centralised solutions, decentralised strategies score poorly (low 

acceptability), and vice versa. Due to the mixed preference set for the 

Innovation scenario, decentralised alternatives show medium acceptability 

under this state of the world. 
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Table 4.5: Present value of whole-life costs (in million pounds) for stand-alone 

strategies in the benchmark case under each future scenario. 

Scenario SCC SCR SCP SS CST CS OT 

Markets 18.2 9.7 13.8 17.7 21.4 5.1 9.8 

Innovation 12.1 9.7 13.8 17.7 21.4 5.1 7.0 

Austerity 14.6 9.7 13.8 17.7 21.4 5.1 4.2 

Lifestyles 6.1 9.7 13.8 17.7 21.4 5.1 4.9 

In addition to these strategies, a “do-nothing” alternative (i.e. no improvements 

in the system) was also assessed to evaluate the marginal impact of individual 

scenario conditions. The “do-nothing” option was assumed a zero-cost (in terms 

of capital expenditure) and low-acceptability alternative throughout all scenarios, 

since it is expected that improvements will be needed in the system by the year 

2050. 

Table 4.6: Acceptability scores assigned to stand-alone strategies in the 

benchmark case (L: low accept. M: medium accept. H: high accept.) 

Scenario SCC SCP SCR SS CST CS OT 

Markets L (1) L (1) L (1) H (3) H (3) H (3) L (1) 

Innovation M (2) M (2) M (2) H (3) H (3) H (3) M (2) 

Austerity H (3) H (3) H (3) L (1) L (1) L (1) H (3) 

Lifestyles H (3) H (3) H (3) L (1) L (1) L (1) H (3) 

The cost and acceptability of each of the hybrid strategies described above was 

calculated on the basis of the cost and acceptability scores obtained previously 

for each stand-alone strategy, respectively.  Thus, the present whole-life cost of 

hybrid strategies was estimated as the conjunctive capital and operational cash 

flows of the combined strategy fractions (see cost summary in Table 4.7).  
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Table 4.7: Present value of whole-life costs (in million pounds) for hybrid 

strategies proposed in the benchmark case under each future scenario. 

Scenario H1 H2 H3 H4 H5 

Markets 11 11.9 13.3 14.8 13.0 

Innovation 9.3 11.9 11.5 14.8 13.0 

Austerity 7.5 11.9 9.7 14.8 13.0 

Lifestyles 7.9 11.9 10.2 14.8 13.0 

Because each fraction of a hybrid strategy was considered to evenly contribute 

to the management of storm and/or wastewater (according to the design 

process explained above), the acceptability scores of hybrid strategies were 

determined as the arithmetic mean of the acceptability scores assigned to each 

stand-alone fraction implemented within each hybrid strategy (refer to Table 

4.8). 

Table 4.8: Acceptability scores assigned to hybrid strategies in the benchmark 

case (L: low accept. M: medium accept. H: high accept.) 

Scenario H1 H2 H3 H4 H5 

Markets L (1) M (2) M (2) M (2) M (2) 

Innovation M (2) M-H (2.5) M-H (2.5) M-H (2.5) M-H (2.5) 

Austerity H (3) M (2) M (2) M (2) M (2) 

Lifestyles H (3) M (2) M (2) M (2) M (2) 

4.3. Case Study 2: Durham City and Newton Hall 

4.3.1. Description of the Integrated Urban Wastewater System 

The second case study is located in the city of Durham, in the north-east of 

England. The area of study is the Durham and Newton Hall catchment, which 

comprises most of the central areas and suburbs of Durham City. The 

catchment consists of a total area of 644 hectares (422 ha contributing area) 

with a population of around 38,400 inhabitants, distributed across 1,757 sub-
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catchments. The catchment is split in two by the river Wear, which is the 

recipient of all urban drainage discharges from the system (see Figure 4.9). 

 

Figure 4.9: The Durham and Newton Hall catchment area. In red sub-

catchments served by combined sewers, in blue those served by separate 

sewers. Generated using Infoworks CS; map data provided by Ordnance 

Survey (2014). 

The central parts of the catchment (204 hectares) are served by a combined 

sewer network, whereas the most recent developments (218 hectares), located 

in the northern and eastern suburbs of the city, are served by a separate sewer 

network. Foul and combined sewer flows are directed to Barkers Haugh WWTP 

(situated in the centre of the catchment) by gravity or pumped through one of 

the four sewage pumping stations. The combined sewer network presents 22 

CSOs discharging into different sections of river Wear across the catchment. 

Barkers Haugh WWTP is designed to treat a dry-weather flow of 8,866 m3/day 

and to accept a maximum flowrate to treatment of 202 L/s. The maximum 

admissible flow rate to the plant is 524 L/s, with a pump diverting the excess 
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flow (322 L/s) to storm tanks (2176 m3) at the head of the WWTP. The stored 

storm flows are returned to treatment once there is enough spare treatment 

capacity in the plant (at a rate of 72 L/s when the inflow to the WWTP drops 

below 140 L/s). Any flows exceeding the treatment and storage capacity of the 

WWTP are spilled in the river Wear through an overflow located in the storm 

tank. The WWTP follows a two-stage trickling filter plant layout consisting of: grit 

channels, primary sedimentation tanks, secondary filters and humus tanks for 

biological treatment, and tertiary filters for polishing (nitrification) of the final 

effluent. 

4.3.2. Modelling of the Integrated Urban Wastewater System 

The IUWWS for Durham and Newton Hall was modelled in InfoWorks CS, a 

standard software package used in the UK water industry. The model 

representing the sub-catchments and sewer network was provided by 

Northumbrian Water Ltd. (the water services provider in the north-east of 

England), and it has been extensively used for planning purposes within the 

company, in particular those related to flood risk assessments, and hydraulic 

capacity and exceedance (CSOs) studies. The model was built in accordance 

with recognised codes of practice for sewer modelling in the UK, such as those 

of the Wastewater Planning Users Group (WaPUG, 2002). The sewer model 

represents the entire network of 5,175 pipes, 5,123 manholes and other assets 

(pumps, tanks, CSOs, etc.) serving 1,757 sub-catchments.  

InfoWorks CS uses the Wallingford procedure, a widely accepted approach for 

UK catchments, to model rainfall-runoff processes in sub-catchments, including 

initial losses and overland runoff routing (double linear reservoir). Two fractions 

of impervious area (roads and roofs) and one for permeable areas were 

modelled for each sub-catchment. Combined sewer areas are represented in 

the model as combined sub-catchments (modelling both wastewater and runoff 

flows connected to combined sewers), whereas separate areas are represented 

by both a foul sub-catchment (modelling the wastewater flows connected to foul 

sewers) and a storm sub-catchment (modelling the runoff flows connected to 

storm sewers). The hydraulic model for flows in conduits uses the Saint-Venant 

equations for the conservation of mass and momentum and is able to 
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accurately simulate surcharging and pressurised flows in pipes (Innovyze, 

2012). 

Pollutants are introduced in the system in the form of wastewater flows and as a 

result of rainfall-runoff processes. Pollutants in the catchment are washed-off by 

runoff, directed to gully pots and fully mixed, not suffering any in-sewer 

transformation while being transported through the network (advection 

processes only, no dispersion of pollutants is considered in the model). Two 

pollutant fractions, biochemical oxygen demand (BOD) and ammoniacal 

nitrogen (NH4), were modelled in the sewer system. Both pollutant fractions 

were assumed to be dissolved and no sediment-bound fractions were modelled 

in the network. These assumptions allowed simplifying the number of 

parameters involved in the water quality model and reducing the computational 

time required to run the model. The selection of BOD and ammonia alone to be 

included in the model was based on the capabilities of the modelling approach 

used to model river water quality impacts (described later in this section). 

Wastewater flows were modelled from domestic and commercial sources (trade 

flows), assuming daily time-varying patterns for flow and pollutants that have 

been validated with available observed data (refer to Figures D.1-D.3 and Table 

D.1 in Appendix D). Observed data was extracted from flow monitors and water 

quality samples obtained at the head of the sewage treatment works (north and 

south inlets, locations NZ2731042865 and NZ2810543665 in Figure D.4, 

Appendix D) for the period spanning between 01/07/2013 and 01/05/2014. 

InfoWorks CS does not include tools for the mechanistic modelling of WWTP 

processes. A number of reasons advised to omit the modelling of Barkers 

Haugh WWTP through an external software package, namely: 

1) Limited data available, particularly regarding water quality data and other 

operational data within the sewage treatment works (sludge, return flows, 

etc.), which are partly a consequence of the low level of automatic 

control in the plant. This could create large uncertainties in estimating 

highly-parametrised mechanistic WWTP models; 

2) The commercial nature of InfoWorks constrains its applicability to 

integrated modelling approaches that require the use of external software 
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platforms (e.g. treatment plant modelling packages). This impedes, for 

example, simultaneous simulation taking place between different 

packages and synchronous information exchange; 

3) The drive for knowledge transfer and the potential application of the 

methods developed in this thesis to industry recommended to make the 

most of InfoWorks functionalities (e.g. Urban Pollution Management 

approach for river modelling described later in the text), avoiding 

interaction with software unfamiliar to the water industry. Such an 

approach would facilitate the implementation of research outcomes, as 

any methods could be easily incorporated into the existing software and 

within the expertise of water industry standards. Further, incoming 

updates for the new InfoWorks ICM package will soon include an 

improved version of the Urban Pollution Management (UPM) approach, 

suggesting that industry applications may further exploit this simplified 

assessment of river impacts for strategic planning studies; 

4) Barkers Haugh WWTP is soon expected to undergo renovations to 

expand its current capacity. Future plans for the plant layout and other 

modifications are at the moment still uncertain, a situation which could 

compromise the application of a detailed model into the future. 

Only essential parts of the WWTP were modelled in order to account for the 

simulation of flows entering the plant and the overflows being discharged into 

the river. Thus, pumping stations at the head of the WWTP (i.e. those 

forwarding flows to treatment, diverting flows to the storm tanks and returning 

storm flows to treatment) were included in the sewer model, along with the 

storm tanks and the overflow discharging into the river. 

A simplified modelling approach to the assessment of river impacts due to 

urban wastewater system discharges was employed within the InfoWorks CS 

software. The UPM assessment tool (Urban Pollution Management tool) 

included in the modelling interface permits evaluation of the effects that 

continuous (i.e. WWTP effluent) and intermittent discharges (i.e. CSOs spills 

and storm sewer discharges) have in the river system. The UPM tool is based 

on the approach to river water quality assessments proposed by the Urban 
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Pollution Management Manual (FWR, 2012). The tool uses a modified version 

of SIMPOL2 (a simplified tank-based model) which, among other improvements, 

is able to incorporate the pollutant concentrations calculated by the sewer 

model into the assessment (Innovyze, 2012). 

Thus, the UPM tool used the outputs of the InfoWorks CS sewer model (i.e. 

CSOs and surface sewer discharges) and other assumed input values to 

calculate the water quality effect of discharges in river water quality standards. 

The inputs required to run the tool are of three types: upstream river values, 

inflows and downstream river parameters (see Table 4.9). The tool uses 

statistically-derived data to randomly generate river conditions and WWTP 

discharges (flow and pollutant loads) that are combined with the intermittent 

spills predicted by the sewer model; these information is then used to estimate 

(through conventional mass balance calculations) the expected flow, BOD and 

ammonia concentrations of the completely mixed volume at hourly time steps. 

The estimated BOD and ammonia concentrations are further used to predict 

dissolved oxygen and ammonia concentrations at the end of the defined 

downstream river reaches by means of a parametrised water quality model. The 

concentrations obtained through this process are compared and assessed 

against fundamental or derived water quality standards. 

As indicated in Table 4.9, the downstream element of the UPM analysis was 

neglected in the application to the Durham case study. The main reason for this 

was the lack of data available to calibrate such model, which would generate 

much uncertainty concerning the resulting outputs. Under these conditions, it 

was recommended to use 99-percentile standards for BOD and total ammonia, 

which “are less vulnerable to data and assumptions and the outcomes are 

strongly correlated with damage linked to dissolved oxygen and un-ionised 

ammonia” (UKTAG, 2013). A mass balance approach like the one described 

above is well suited to assess compliance with this type of derived standards 

(WaPUG, 1999). In addition to this, the application of such an approach 

permitted dealing with other limitations and uncertainties associated with the 

DO river model of the UPM tool (e.g. excessive organic pollution may drive 

oxygen concentrations to negative values in the model) (Innovyze, 2012). 
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Table 4.9: Data requirements of the UPM tool integrated in InfoWorks CS 

(elements in italics have been neglected for application to Durham and Newton 

Hall catchment) 

Model Inputs Data Requirements 

Upstream River 

Mean and standard deviation of a log-normal distribution of river 
flow, BOD and ammonia before mixing with any discharges. 

Mean and standard deviation of a normal distribution of river DO, 
temperature and pH after mixing with discharges. 

Inflows 

Mean and standard deviation of a log-normal distribution of WWTP 
effluent flow, BOD and ammonia. 

CSO and storm sewer discharges (modelled as outputs of the 
sewer model) 

Downstream 
River 

River profile of reach downstream of discharges, including length, 
slope, bed width, side slope. 

River parameters for downstream quality model (Manning’s n, BOD 
decay rate, ammonia decay rate, ammonia yield factor, ammonia 

gain from BOD decay, re-aeration constant. 

The stochastic modelling of the WWTP by using log-normal distributions has 

been generally recommended by the UPM manual, in particular in WWTPs with 

long retention periods or those relatively insensitive to wet weather conditions 

(FWR, 2012). Trickling filter plants, like the one serving the present catchment, 

are generally less sensitive to shock loads frequently affecting processes in 

activated sludge plants (Tchobanoglous et al., 2014). Thus, river and WWTP 

effluent observed data were used to verify the assumed probabilistic 

distributions of input data (normal or log-normal) as well as to derive the values 

described in Table 4.9 (assumed input values are provided in Table 4.10). The 

available data records for all flow and water quality sets required were limited to 

the period spanning 01/05/2009 and 01/07/2014. The input values were 

determined by using subsets of data records coinciding with rainfall events for 

the same period, so that this subset would better represent river and effluent 

conditions during wet weather. The location and characteristics of the sites 

where data was collected from are detailed in Appendix D (see Figure D.4 and 

Table D.3). 
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Table 4.10: Data inputs for the UPM tool used in the Durham and Newton Hall 

case study. 

Model Inputs Data Requirements: mean (st.deviation) [units] 

Upstream River 

Flow: 16,975 (26,270) [L/s]; BOD: 1.57 (0.62) [mg/L] 

Amm: 0.080 (0.054) [mg/L] 

DO: 10.51 (1.53) [mg/L]; Temperature: 10.54 (4.16) [°C] 

pH: 7.54 (0.34) 

Inflows 
WWTP flow: 127.25 (36.92) [L/s]; WWTP BOD: 10.52 (5.20) [mg/L] 

WWTP Amm: 2.26 (2.44) [mg/L] 

It is important to note several limitations of the UPM tool approach to river 

impact assessment to better understand the implications of the results. The first 

limitation is that all the discharges into the river are assumed to occur at the 

same point, whereas these are in reality distributed along the urban reaches of 

the river. A second limitation of the model is related to the time resolution of the 

assessment, which restricts the analysis to discrete discharge events of one 

hour duration each. This means that continuous simulation of river impacts is 

not possible. The stochastic nature of river inputs along with the discrete nature 

of the analysis means that river conditions are reset at each time step, 

regardless of previous discharges affecting the state of the river.  

In order to overcome some of these limitations the UPM tool permits the 

simulation of numerous “river picks” (i.e. randomly generated river 

concentrations and flows based on the probability distribution defined above) for 

each discrete discharge event. The assessment for the Durham and Newton 

Hall catchment consisted of 35 river picks for each hour of the full one-year 

simulation. This was assumed to be representative of the potential conditions in 

the river, and a balanced assumption given the length of the assessment and 

the computational time required for the post-processing of results (long data 

strings). Test runs for 50, 100 and 200 river picks resulted in similar results 

across scenarios, generally with predicted failures within the ±5% in relation to 

the ones estimated by the 35 picks case. 
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4.3.3. Representation of Future Scenarios 

The future scenarios described in Chapter 3 were applied to the Durham and 

Newton Hall case study according to the conditions defined under each future 

scenario (Table 4.11). Specific local conditions recommended modifying the 

original population growth estimates proposed in Chapter 3.  

Table 4.11: Parameter estimates affecting Durham and Newton Hall case 

conditions under each future scenario 

Parameter Baseline Markets Innovation Austerity Lifestyles 

Misconnections (L/s) - 0.57 0.07 0.31 0.13 

Urban creep (ha) - 17.0 11.4 13.6 5.7 

Water use (L/h/day) 143 165 125 140 110 

Infiltration (L/s) 24.2 26.0 6.3 33.4 21.4 

Siltation 0.97 0.92 1 0.84 0.92 

Population (inhabitants) 38,400 45,801 44,173 41,730 42,545 

CC precipitation uplift (%) - 10 10 10 10 

Contributing area in new 
developments (ha) 

- 141.2 110.2 63.6 79.1 

Population growth figures presented in Table 4.11 were extrapolated from local 

data regarding projected urban developments planned for the Durham and 

Newton Hall catchment in the future (see Figure 4.10). In particular, population 

estimates from past strategic drainage area studies up to the year 2020 were 

incorporated into the model. Additional development sites were also added 

based on Strategic Housing Land Availability Assessments (SHLAA) and 

projected developments up to the year 2030 (Durham County Council, 2013, 

2014). The expected growth for Durham County is forecasted as 9.6% over a 

period of 25 years (2012-2037) (ONS, 2014), which extrapolated into the future 

year 2050 results in a 13.4% rise from the base population in 2015. This 

projection was used as a central estimate of population growth in 2050 to derive 

the specific growth figures for each future scenario (i.e. 19.3% for Markets; 15.0% 

for Innovation; 8.7% for Austerity; and 10.8% for Lifestyles) so that these rates 

maintained the same inter-scenario relationships as before. 



 

184 

The impermeable and permeable rates of new developed areas depended on 

each site, given development types provided in the plans (i.e. houses to be built 

and space available in each case); however, the average rates in the 

developments were 63% for impermeable areas and 37% for permeable areas. 

The differences in contributing area from new developments across future 

scenarios were estimated proportional to the population allocated in each 

development site. The detail of population distribution for each development site 

under future scenarios is provided in Appendix D (Table D.2). 

 

Figure 4.10: New development sites added to the model as the basis for growth 

projections in the year 2050. Generated using Infoworks CS; map data provided 

by Ordnance Survey (2014). 

Urban creep across the catchment was allocated according to standard UK 

water industry practice; by relating property density to annual creep estimates 

(see Figure 4.11). The red line in Figure 4.11 represents the curve fit used for 

this purpose, derived from the average creep rates monitored at different 
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locations across the UK (blue data points) (UKWIR, 2010). Urban creep rates 

for the Durham catchment in each future scenario were maintained identical in 

terms of total creep rate (e.g. 15% for Markets), only changing the distribution of 

creep according to property density. Thus, the central estimates calculated by 

applying this method have been augmented in order to match each scenario 

creep rate. Urban creep was represented in the model as permeable area being 

moved into a new impermeable area fraction. 

 

Figure 4.11: Urban creep estimation model used for Durham and Newton Hall 

(adapted from UKWIR, 2010) 

Wastewater flows were determined by defining the population contained in each 

sub-catchment and the wastewater profile applicable to each sub-catchment. 

These profiles are linked to land use types defined for the catchment and can 

be set differently; however, the Durham and Newton Hall model uses the same 

wastewater profile for all residential land uses, only distinguishing specific 

profiles for offices and schools in the catchment. Infiltration flows in each sub-

catchment were modelled as base flow entering the system, estimated as a 

fixed rate of the dry-weather flow in each sub-catchment. 

Misconnections from new developments into storm sewers were directly 

modelled as additional foul flows connected to the storm fraction of the sub-
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catchment, with the same flow and pollutant patterns of wastewater flows in the 

associated foul sub-catchment. The misconnected wastewater flow was 

deducted from the affected foul sub-catchments by reducing the connectivity 

rate in each case (e.g. 5% misconnected flow discharging to the storm sewer, 

then 95% connectivity in the foul sewer). 

Siltation in pipes was directly represented in the model as sediment depth in 

each combined and foul sewer pipe. This sediment depth acts as a “passive 

layer” that is considered fixed and remains unchanged during simulations 

(Innovyze, 2012). Each sediment depth was estimated by deriving the existing 

relationship between the depth of sediment and the associated full-pipe area 

loss (see Figure 4.12). 

 

Figure 4.12: Relationship between sediment depth in a circular pipe and the 

corresponding reduction in full-pipe area. 

A representative rainfall time series for the typical year (573 mm) was used in 

the Durham and Newton Hall catchment for the assessment of strategies (see 

Figure 4.13). The original 5-minute intensity time series was obtained from 

Northumbrian Water, which used historical data to stochastically generate an 

aggregation of representative annual storms (by application of Stormpac 
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software). The climate change uplift factor was subsequently applied to the 

intensity time series as in the benchmark case study. 

 

Figure 4.13: Annual rainfall time series used in the Durham and Newton Hall 

case. 

4.3.4. Description and Representation of Strategies 

The strategies to be implemented in the Durham and Newton Hall catchment 

were proposed to target areas considered at high risk of flooding (see Figure 

4.14), according to previous assessments and DG5 registers (internal and 

external flooding) from Northumbrian Water. The combination of strategies (i.e. 

hybrid alternatives) in this case was approached by complementing stormwater 

management retrofit options (i.e. road and roof disconnection or sewer 

separation) with conventional grey interventions in areas where the former were 

unfeasible or of limited application. This reflects current water company 

practices and preferences in partnership projects that aim at developing new 

approaches to stormwater management. The strategies described in this 

section were designed on the basis of the proposed strategy types presented in 

Chapter 3 (section 3.3) and on their implementation potential in the Durham and 

Newton Hall catchment. 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
0

5

10

15

20

25

30

35
Annual Rainfall Timeseries

R
a

in
fa

ll 
D

e
p

th
 [
m

m
/d

a
y
]



 

188 

 

Figure 4.14: Areas at risk of sewer flooding (indicated in yellow) in the Durham 

and Newton Hall catchment. 

Urban creep mitigation and on-site treatment were not considered in the design 

of hybrid strategies since these are interventions whose financial burden is 

assumed to be borne by property owners and thus outside of the water 

company investment plans (see specific descriptors further in the text). 

Nevertheless, due to the potential influence of these strategies in the 

management of storm and wastewater flows in the catchment, these 

alternatives were still assessed as stand-alone interventions in order to analyse 

a larger spectrum of options. 

Conventional rehabilitation (GREY) 

Conventional rehabilitation interventions (GREY strategy, see Figure 4.15) were 

proposed to improve sewer system capacity in the areas shown in Figure 4.14. 

This excluded areas 009, 012 and 015, which were considered not at risk due to 

solutions being implemented in risk areas upstream of the site or due to site 

inspections recommending a very low risk (e.g. an individual property at risk 
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which could be addressed by short-term interventions). These were long-term 

structural interventions based on the experience and assessments of 

engineering consultants, involving localised works for sewer upsizing 

(enlargement or duplication of pipes), replacement of manholes, removal of 

sewer pipes and increase in local storage capacity where needed (AMEC, 

2013). Overall, the strategy consisted of: the laying of 149 sewer pipes of 

variable diameter (ranging from 150 up to 2100 mm), accounting for a total 

length of 5928 m; the replacement of 87 manholes; and the construction of 9 

new storage tanks with differing capacities, between 32 and 1400 m3. The 

length of sewers intervened by GREY represented around 3% of the total sewer 

network serving the catchment. As explained in the benchmark case description, 

the new sewer pipes and storage installed as part of sewer rehabilitation 

interventions were not considered affected by siltation, so that these were 

modelled without applying the sediment depth defined in the previous section. 

 

Figure 4.15: Sewer assets (in yellow) affected by the GREY strategy applied to 

Durham and Newton Hall. 
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Roof/Roads retrofit disconnection (GREEN50 and GREEN100) 

These strategies were proposed on the basis of tackling the risk of flooding from 

the same areas identified above. Thus, sub-catchments directly affected by 

rehabilitation interventions taking place under the GREY strategy (i.e. those 

directly connected to replaced manholes and pipes) were also the ones affected 

by the GREEN50 and GREEN100 strategies. Thus, two different strategies 

were suggested: the disconnection of the totality of the roofed or road area in 

each of the affected sub-catchments (whichever is larger in each case) 

(GREEN100); and the disconnection of half of the area intervened by 

GREEN100 (GREEN50). Additionally, sub-catchments adjacent to the areas at 

risk of flooding and where opportunities for disconnection may exist (e.g. 

institutional roofs and roads, large space availability) were also intervened 

within these strategies. The affected sub-catchments are highlighted in Figure 

4.16. 

 

Figure 4.16: Sub-catchments (in yellow) affected by GREEN50 and 

GREEN100 strategies applied to Durham and Newton Hall. 
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These two levels of runoff removal from sewers are intended to represent 

interventions that range from an aggressive degree of disconnection potentially 

possible in these areas to the possible technical limitations or reduced 

commitment encountered while implementing such disconnection.  

Road disconnection was achieved through the implementation of bioretention 

planters, while roof disconnection was applied by means of rain garden features 

on each site. These infiltration systems were modelled as the removal of the 

corresponding impermeable areas disconnected from the existing sewer and 

with the same design specification as in the benchmark case study. The 

disconnection of either roofs or roads in each sub-catchment was consistent 

with an overall strategy which can take advantage of road maintenance 

schemes and other general improvement works in the affected sub-catchments 

throughout the implementation time. 

The 113 sub-catchments affected by each of these interventions comprised a 

total area of 57.4 ha (36.2 ha of impermeable area). The GREEN50 strategy 

removed 32% of the original impermeable area in these sub-catchments (roads 

and roofs together) whereas the GREEN100 strategy consisted of the removal 

of 64% of the original impermeable area (see Table 4.12). Overall, these 

strategies resulted in the disconnection of 3% and 5.5% of the total 

impermeable area of the catchment, respectively (approximately 6% and 11% 

of the impervious fraction in combined sewer areas). 

Table 4.12: Distribution of impermeable area (roads and roofs) in the affected 

sub-catchments before and after application of green strategies. In brackets, 

removal rate for each area type relative to the original road/roof area in the 

affected sub-catchments. 

Units [ha] Roads (71 sub-catchments) Roofs (42 sub-catchments) 

Original 21.1 15.1 

GREEN50 12.6 (40% removal) 12.0 (20% removal) 

GREEN100 4.2 (80% removal) 9.0 (40% removal) 
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Disconnection (retrofit) and rehabilitation (GREEN&GREY) 

A hybrid strategy (GREEN&GREY) was proposed as the combination of green 

(i.e. roof or road disconnection) and grey (i.e. conventional sewer rehabilitation) 

interventions (see Figure 4.17). This was based on the application of the 

GREEN50 strategy, modified by the introduction of grey options in sites where:  

1) ground conditions posed a constraint to infiltration (based on British 

Geological Survey maps (BGS, 2015; refer to Appendix D, Figure D.5). 

This criterion affected flooding sites 005, 010 and 011; 

2) separate sewers were in place and the risk of flooding was from storm 

sewers. This criterion intends to prioritise disconnection in areas served 

by combined sewers, where the benefits of retrofit solutions are 

potentially higher. The areas affected by this criterion were sites 020 and 

021.  

 

Figure 4.17: Sub-catchments affected by green interventions (in yellow) and 

grey interventions (in pink) defined for the GREEN50&GREY strategy applied to 

Durham and Newton Hall. 
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Risk area 023 was an exception to this last criterion, since it offered a large 

availability of land for easy disconnection of roads in the area (a parking lot 

owned by a public college), so that a green alternative was applied to this site 

instead. 

By applying this strategy each site was intervened by either grey or green 

strategies. Thus, the GREEN50&GREY strategy affected 92 sub-catchments 

using roof disconnection (37 sub-catchments) or road disconnection (55 sub-

catchments), removing 39% of the road area and 23% of the roof area (on 

average a 32% removal of the total impermeable area of the sub-catchments 

highlighted in yellow in Figure 4.17). The remaining areas, affected by 

conventional grey interventions, accounted for the implementation of 46 new 

sewer pipes (1657 metres) with diameters between 150 and 600 mm and two 

new storage tanks (270 and 32 m3). Overall, this strategy resulted in the 

removal of 9.5 ha of impermeable area (representing 4% of the total 

impermeable area in the catchment) and rehabilitation of pipes in less than 1% 

of the sewer network. 

Sewer separation (retrofit) and rehabilitation (SEPARATE) 

A second hybrid strategy (SEPARATE) was proposed by combining retrofit 

sewer separation and conventional sewer rehabilitation interventions. The 

implementation of retrofit separate sewers in the catchment was proposed by 

laying new storm sewers that collect the runoff generated by the sub-

catchments highlighted in Figure 4.16. This resulted in the separation of 50 

hectares of contributing area, of which 32 hectares belonged to impermeable 

surfaces, thus disconnecting around a quarter of the existing sub-catchments in 

the combined sewer area. The representation of this strategy in the model 

involved the creation of new storm sub-catchments that recreated the runoff 

processes of each affected sub-catchment (e.g. area fractions, urban creep) 

while removing the corresponding storm elements of the original combined sub-

catchment (so that it acted as a foul-only sub-catchment). New storm sewers 

(225 mm diameter pipes) and manholes (standard 2.4 m2, two metres deep) 

were created to serve the new sub-catchments and convey the storm flows to 

new outfalls discharging into the river (Figure 4.18). The new storm outfalls 
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were incorporated to the UPM tool as additional intermittent discharges counted 

as inputs in the river model. 

Sewer separation was not applied to those sub-catchments that were already 

served by a separate system (i.e. risk areas 020, 021, 022 and 023 in Figure 

4.14). Instead, grey interventions were applied to these areas, following the 

improvements proposed within the GREY strategy. Figure 4.18 shows the 

diverse interventions applied to the catchment through the SEPARATE strategy. 

 

Figure 4.18: Sub-catchments separated (in yellow) from the combined sewer 

and sub-catchments intervened by grey strategies (in pink), defined by the 

SEPARATE strategy applied to Durham and Newton Hall. 

On-site treatment (OT) 

On-site treatment was applied to half of the new developments built between 

the base year and the year 2050 under each future scenario. This was modelled 

as half of the population in each development site being disconnected from the 

sewer system. Such disconnection reduced wastewater discharges to the 

system in between 7.1 L/s and 2.6 L/s, depending on future scenario, 
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representing between 8% and 5% of domestic sewage flows in the catchment. 

This disconnection was assumed to happen as a result of reconnection to local 

treatment facilities operated by property owners (i.e. package sewage plant), 

given the availability of land surrounding the newly developed areas. 

Mitigation of urban creep (retrofit) (SCC) 

The mitigation of urban creep in the catchment was assumed to take place 

through strict planning control, requiring the implementation of permeable 

pavement for the development of hard standing surfaces in existing permeable 

areas. The design of the solution was assumed to follow the standard 

specification applied to the benchmark case study and described earlier in the 

text. Given the capacity of this solution to cope with the generated runoff within 

the affected area (i.e. the land area taken by permeable pavement), the strategy 

was modelled by removing the projected urban creep from all of the residential 

sub-catchments. This resulted in the removal of between 17.0 and 5.7 hectares 

in the catchment depending on future scenario, corresponding to a maximum 

creep rate of 15% and a minimum of 5% relative to the original impervious 

surface. 

4.3.5. Assessment Details 

Table 4.13 shows the specific indicators used in the Durham and Newton Hall 

case for the assessment of reliability, resilience and sustainability concerning 

different objectives. The table is almost identical to that one referring to the 

benchmark case (Table 4.4), with few modifications which are more suitable to 

the specific case study conditions previously described in this section. These 

concern the indicators used for evaluating the effects in river dissolved oxygen, 

and the failure thresholds set for river ammonia concentrations and river 

flooding conditions. 

As explained earlier in this section, the approach taken to assess river water 

quality was simplified to the evaluation of the effects in river BOD and ammonia 

levels close to the discharge point, as opposed to more complex dissolved 

oxygen and ammonia assessments in downstream reaches. The first 

implication of these is that new thresholds for BOD and ammonia failures were 
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set (5 mg/L for BOD and 0.6 mg/L for total ammonia), according to standards 

seeking high status in receiving watercourses (UKTAG, 2013). The 

achievement of high status in the future horizon year 2050 seems a reasonable 

assumption, given the current commitments toward the improvement of the 

quality of surface waters in the UK and elsewhere in Europe. The remaining 

dissolved oxygen indicators were subsequently adjusted according to the 

modelling outputs and the approach described earlier in the text (e.g. 99-

percentile BOD). 

Table 4.13: Performance indicators used to define impacts and consequences 

in the Durham and Newton Hall case. 

Objective Reliability indicator Resilience indicator Sustainability Indicator 

Sewer 
Flooding 

% time free of flood 
Summation of duration-

weighted flood 
volumes [m3] 

Total flood volume [m3]  

River DO 
% time BOD <5.0 

[mg/L] 

Summation of duration-
weighted BOD minima 

[mg/L] 

99-percentile BOD 
[mg/L] 

River AMM 
% time AMM <0.6 

[mg/L] 

Summation of duration-
weighted AMM maxima 

[mg/L] 

99-percentile total 
ammonia [mg/L] 

Health and 
Aesthetics 

% time not spilling 
Summation of duration-
weighted spill volumes 

[m3] 
Total spill volume [m3] 

River 
Flooding 

% time free of flood 
Summation of duration-

weighted flood 
volumes [m3] 

Total flood volume [m3] 

GHG 
Emissions 

- - 
Total operational 

emissions from pumping 
and treatment [tCO2] 

Cost - - PV of whole-life costs [£] 

Acceptability - - 
Acceptability level of 

strategies [1/2/3] 

The threshold for river flooding in downstream reaches was re-calculated 

according to the new river channel geometry (obtained downstream of sewer 

discharge points) and by applying Manning’s equation (see Figure 4.19). The 
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plot in Figure 4.19 uses conveyance (K) to describe channel carrying capacity, 

but this is another form of Manning’s expression (see equation 4.1), 

𝑄 =
1

𝑛
× 𝐴 × 𝑅2/3 × √𝑆 = 𝐾 × √𝑆                                  (4.2) 

For a reported slope of 0.0001, the calculation results in a threshold flow of 

53.43 m3/s (𝐾 = 5343 in Figure 4.19) associated with an overbank river stage of 

27.7 meters (i.e. around 3.9 m in depth). 

 

Figure 4.19: Conveyance of downstream channel as a function of water level 

(red line). Overbank flow and stage values are indicated (yellow marker). The 

morphology of the river channel cross-section used for this purpose is 

represented in a dark shade. 

The capital and maintenance costs for each strategy implemented in the 

Durham and Newton Hall catchment were calculated on the basis of cost 

estimates provided by Northumbrian Water where possible. Otherwise, 

literature estimates like the ones presented in Appendix C (Table C.1) were 

used as required.  
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For the GREY strategy, full capital cost estimates were provided following 

standard water company rates for conventional structural measures 

implemented in each site (AMEC, 2013). 

The implementation cost of retrofit bioretention planters was assumed similar to 

the capital cost of retrofit swales to collect road runoff (£92.52/m2), used by 

Northumbrian Water in past projects (MWH, 2014); however, annual 

maintenance rates were estimated from literature values assumed for the 

benchmark case (£1.3/m2). 

The costs of rain gardens serving roofs was also estimated from the literature 

(capital cost: £5/m2 roof; annual maintenance cost: £0.1/ m2 roof) due to the 

inexperience of the water company in implementing these systems. 

The cost of separating specific sub-catchments by laying new storm sewers 

was estimated by assuming an average storm sewer diameter of 225 mm (this 

pipe specification comprises the average pipe size that represents around 75% 

of the storm sewers in the catchment) and standard manholes. The cost rate of 

sewer installation was estimated at £650/m (including re-paving, associated 

costs and fees) and at £4,633/manhole. The length of pipes and number of 

manholes required was determined by measuring the amount of combined 

sewer elements (pipe lengths and manholes) serving the areas being separated. 

Such an approach therefore assumed that the new storm sewers mirror the 

configuration of the existing combined sewers. The new storm sewers that 

convey flows from newly separated areas to river outfalls were also included in 

the cost estimation. 

Given the size and spread of new developments in the Durham and Newton 

Hall catchment, the wastewater flows from new residential areas (OT strategy) 

were assumed to be collected and treated by compact plants at individual 

properties or property groups. The capital cost of extended aeration and filter 

plants was estimated at £4,865 per property, whereas annual maintenance 

costs were assumed around £259 per property (on the basis of UK installers 

quotes; WTE, 2014). 

Finally, the cost of urban creep mitigation was determined by assuming capital 

and maintenance cost rates found in the literature (as in the benchmark case 
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study), which were applied to the urban creep occurring under each future 

scenario. 

A summary of costs for each of the strategies considered in the Durham and 

Newton Hall catchment is provided in Table 4.14. The acceptability of strategies 

applied to the Durham and Newton Hall case was evaluated based on the same 

method as in the benchmark case (see Table 4.15). The acceptability of the 

GREEN&GREY strategy was determined as the average acceptability of green 

and grey interventions in each future scenario. 

Table 4.14: Present value of whole-life costs (in million pounds) for strategies 

proposed in Durham and Newton Hall under each future scenario. 

Scenario Grey Green50 Green100 
Green&

Grey 
Separate OT SCC 

Markets 5.8 1.0 2.0 1.7 7.5 14.7 3.5 

Innovation 5.8 1.0 2.0 1.7 7.5 11.4 2.4 

Austerity 5.8 1.0 2.0 1.7 7.5 6.6 2.8 

Lifestyles 5.8 1.0 2.0 1.7 7.5 8.2 1.2 

As in the benchmark case, a “do-nothing” option has been additionally modelled 

to evaluate scenario conditions alone. This has been assumed a zero-cost and 

low-acceptability alternative throughout all scenarios, since it is expected that 

improvements will be needed in the system by the year 2050. 

Table 4.15: Acceptability scores assigned to each strategy proposed in Durham 

and Newton Hall under future scenarios (L: low acceptability M: medium 

acceptability H: high acceptability). 

Scenario Grey Green50 Green100 
Green&

Grey 
Separate OT SCC 

Markets H (3) L (1) L (1) M (2) H (3) L (1) L (1) 

Innovation H (3) M (2) M (2) M-H (2.5) H (3) M (2) M (2) 

Austerity L (1) H (3) H (3) M (2) L (1) H (3) H (3) 

Lifestyles L (1) H (3) H (3) M (2) L (1) H (3) H (3) 
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4.4. Summary 

The present chapter briefly described each of the case studies involved in this 

thesis, including details concerning their modelling representation and the 

application of scenario narratives and uncertainty range estimates to their 

specific conditions. Costs and acceptability metrics were presented for all the 

strategies, as well as the justification of specific indicators used in each case for 

the assessment of options. 

Two case studies were presented: a benchmark case study and a case study in 

the Durham and Newton Hall catchment.  

The benchmark case modelled in SIMBA (MATLAB/SIMULINK environment) 

allowed for the synchronous modelling of the different parts of the IUWWS (i.e. 

catchment, sewer network, WWTP and river systems). Stand-alone strategies 

were developed for the benchmark case, including: permeable pavements for 

the mitigation of urban creep; rain gardens for the retrofit disconnection of roofs; 

bioretention planters for the retrofit disconnection of roads; retrofit piped 

interventions for the separation of combined sewers; sewer and storage 

expansion for the conventional rehabilitation of combined sewers; and local 

treatment for wastewater in part of new developments. Five hybrid strategies 

were also presented for this case study, combining representative interventions 

for green and grey infrastructure retrofits and rehabilitation options. These multi-

concept strategies supported several purposes, including: the potential 

exploitation of performance characteristics of individual stand-alone options; the 

potential increase in the adaptability potential of strategies; and the potential to 

find better compromises and agreement between ampler ranges of 

stakeholders. 

The Durham City and Newton Hall catchment, modelled in Infoworks CS, 

presented a number of constraints that required a simplified approach to the 

modelling of the IUWWS, defining stochastic models for the WWTP and the 

river system. The strategies proposed for the catchment resembled those of the 

benchmark case but were less intensive, focused on addressing flooding risk in 

specific areas, which intended to emulate the approach often taken by the water 

company in the catchment. 
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5. MULTI-CRITERIA AND TRADE-OFFS ANALYSIS 

5.1. Introduction 

Chapter 3 introduced and explained the concept of regret applied within this 

thesis and its uses for the purpose of evaluating strategies in three 

complementary ways: multi-criteria analysis, robustness assessment and, 

ultimately, the definition of adaptation pathways. 

This chapter covers the first part of these evaluation methods, considering the 

regret of strategies through individual objectives for reliability, resilience and 

sustainability to analyse the existing trade-offs present in each strategy across 

future scenarios. The analysis is carried out by determining the average 

performance regret scores for each strategy across scenarios (defined in 

Chapter 3 by equations 3.6.1-3.6.3).  

This analysis is developed for reliability, resilience and sustainability 

performance regrets (𝑅𝑒𝑙𝑖(𝑠) , 𝑅𝑒𝑠𝑗(𝑠) , 𝑆𝑢𝑠𝑘(𝑠)  in Chapter 3) in each of the 

defined case studies (sections 5.2 and 5.3, respectively). A summary of findings 

and conclusions is provided in section 5.4. More detailed results for reliability, 

resilience and sustainability under each scenario are provided in Appendix E. 

5.2. Case Study 1: Benchmark Model 

For the benchmark case, only stand-alone strategies have been considered at 

this point, to clearly differentiate the existing trade-offs attributable to each 

strategy type. Results are detailed in Tables E.1-E.3 of Appendix E. 

5.2.1. Reliability Trade-Offs 

As defined earlier in the text, reliability was measured as the annual probability 

of failure, which was directly derived from the total duration of failures occurring 

in the annual simulation. For this assessment five reliability objectives were 

considered: river dissolved oxygen, river total ammonia, health & aesthetics 

(associated with CSO spills), river flooding and sewer flooding. 
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On average, the future scenario conditions in 2050 defined for the benchmark 

case caused an increase in the probability of water quantity (sewer and river 

flooding, and CSO spills) and quality (dissolved oxygen and ammonia) failures 

relative to the present baseline (see “do-nothing” in Table 5.1). This situation 

was improved by the implementation of either of the proposed drainage 

strategies, which contributed, in differing degrees, to ameliorating the annual 

duration of failures and thus the overall failure probability in the future. Baseline 

reliability performance was recovered only partially (sewer flooding and river 

ammonia in particular) and for few strategies (values in bold in Table 5.1), with 

only the SCR strategy (retrofit rain gardens to infiltrate roof runoff) fully 

recovering reliability performance under the Lifestyles scenario. 

Table 5.1: Average duration of annual failures (in hours) for each strategy and 

objective across scenarios. Values in bold denote whether baseline 

performance was recovered in at least one scenario. 

Strategy River DO River Amm 
Health & 

Aesthetics 
River 

Flooding 
Sewer 

Flooding 

Baseline 47.0 0.0 384.0 32.0 377.7 

Do-Nothing 208.5 14.5 507.0 81.2 688.9 

SCC 170.2 12.7 474.5 66.8 573.1 

SCR 79.7 9.8 354.5 42.2 237.9 

SCP 119.0 13.0 416.5 53.2 384.7 

OT 143.5 0.0 462.2 78.5 681.0 

SS 126.8 3.0 310.3 80.5 152.5 

CST 68.5 19.2 447.3 49.5 162.7 

Such improvements are better appreciated through analysis of the average 

performance regrets for each reliability indicator. Figure 5.1 helps to identify the 

main reliability trade-offs between objectives consistently occurring in each 

strategy. Strategies with low regrets in an objective (i.e. closer to the green line) 

are interpreted as “less regrettable” (i.e. better performing) than those with 

higher regrets (i.e. closer to the red line) in the same objective.  
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The “do-nothing” option (purple dashed line in Figure 5.1) is presented 

alongside each strategy plot (black solid line) to better appreciate the relative 

improvement or degradation of each objective for each individual intervention. 

In general, the “do-nothing” option presented the worst reliability regrets across 

objectives and scenarios. 

 

Figure 5.1: Average reliability regrets for strategies (black line) across future 

scenarios. Scores in each objective range from no-regrets (green line) to full-

regret (red line). The purple dashed line shows performance regrets for the “do-

nothing” option. 

Overall, decentralised retrofit alternatives (SCC, SCR and SCP) showed 

improvement across all reliability objectives. Such improvement was subject to 

the net amount of impermeable area disconnected from the combined sewer 

system in each case. Thus, roof disconnection (SCR) presented a significant 

reduction in reliability regrets when compared to the other alternatives. Road 

disconnection (SCP) and creep mitigation (SCC) showed a similar pattern to 

that of SCR, proportional to their level of disconnection. The implementation of 

SCC contributed to the reduction of impermeable area to a much smaller 

degree than the other two decentralised retrofit alternatives, thus having a much 
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limited impact in the reduction of the annual occurrence of failures (much closer 

to the “do-nothing” case). 

The treatment of part of the new development wastewater flows on-site (OT 

strategy) provided a minor reduction in the occurrence of failures, in particular 

those failures more directly related to wet-weather conditions (e.g. sewer 

flooding, CSO spills). Nevertheless, it is important to note its contribution to 

reducing the probability of river ammonia failures across future scenarios. 

The reliability regrets for the two grey strategies (i.e. sewer separation and 

combined sewer rehabilitation; SS and CST in Figure 5.1, respectively) 

indicated that failure probability was not equally reduced across all objectives 

and that this might come at the expense of increased failure probability in other 

objectives. Such reliability trade-offs were most noticeable for river flooding in 

the SS strategy, and for the river ammonia objective in the CST strategy. Higher 

regrets were also observed in the river DO objective for SS and in the health & 

aesthetics objective for CST. 

Indeed, the high reliability performance (i.e. low regrets) of SS observed for 

CSO spills, river ammonia peaks and sewer flooding were traded for low 

reliability in the control of river flooding downstream. The CST strategy proved 

to be highly reliable in reducing the probability of river dissolved oxygen and 

sewer flooding failures, while failing to act on the annual occurrence of CSO 

spills and river ammonia failures relative to the do-nothing case. Further, Figure 

5.1 shows that CST increased the reliability regret of river ammonia failures 

above “do-nothing” levels. These results suggest that the increase in hydraulic 

capacity in the combined sewer system increased the duration of shock effects 

at the WWTP during wet periods, thus affecting treatment performance and 

aggravating ammonia concentrations in the effluent for longer (consequently 

affecting the duration of ammonia failures in the river) (Lau et al., 2002). 

Additionally, this situation was prolonged into the dry-weather period due to the 

induced hydraulic load of stored storm volumes pumped to the WWTP from the 

new storage tank. 
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5.2.2. Resilience Trade-Offs 

Table 5.2 below shows the average resilience indicators for each strategy 

across scenarios; these are a representation of the severity of annual failures in 

each case (i.e. comprising both duration and magnitude of failures). Although all 

the strategies were able to recover the resilience performance of at least one 

objective in at least one scenario, only the SCR strategy was capable of 

recovering all of them, under the Lifestyle scenario. 

Table 5.2: Average resilience indicators for each strategy and objective across 

scenarios. Values in bold denote whether baseline performance was recovered 

in at least one scenario. 

Strategy River DO River Amm 
Health & 

Aesthetics 
River 

Flooding 
Sewer 

Flooding 

Baseline 0.0031 0.0000 1565.4 185.3 5.4 

Do-Nothing 0.0273 0.0006 3059.3 778.9 16.2 

SCC 0.0210 0.0005 2524.0 639.8 11.2 

SCR 0.0095 0.0003 990.4 233.3 2.6 

SCP 0.0153 0.0005 1659.6 446.7 6.2 

OT 0.0160 0.0000 2779.1 758.2 15.1 

SS 0.0182 0.0001 653.4 701.1 1.1 

CST 0.0070 0.0011 1235.0 574.6 1.8 

units mg/L mg/L m3 m3 m3 

The resilience regrets obtained for each strategy (see Figure 5.2) closely 

resemble those presented above for reliability regrets. This is mainly due to the 

definition of resilience indicators, which are a function of the duration and the 

magnitude of annual failures (refer to Chapter 3, section 3.4.4). As a result, the 

patterns observed for resilience regrets were particularly useful in assessing the 

relative severity of the failure probabilities previously identified through reliability 

regrets. 

Retrofit decentralised strategies (i.e. SCR, SCP and SCC) consistently reduced 

their resilience regrets relative to the do-nothing option. These differences, 
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when compared to those of reliability regrets (Figure 5.1), were more 

pronounced regarding sewer flooding and CSO spills, indicating that the 

magnitude of these failure types (i.e. sewer flood and spill volumes) was 

importantly reduced in relation to those of the do-nothing case. The OT strategy 

reduced the resilience regret of dissolved oxygen, meaning that this strategy 

was indirectly successful in attenuating the polluting effect of CSO spills, which 

carried less mixed wastewater from new developments. 

 

Figure 5.2: Average resilience regrets for strategies (black line) across future 

scenarios. Scores in each objective range from no-regrets (green line) to full-

regret (red line). The purple dashed line shows performance regrets for the “do-

nothing” option. 

The resilience regrets of sewer separation (SS in Figure 5.2) show a similar 

pattern to that of reliability regrets, except in the dissolved oxygen objective, 

where regrets present a significant increase. The magnitude of dissolved 

oxygen failures (i.e. the minimum concentration recorded per failure event) did 

not improve as much as the failure duration relative to the do-nothing option. 

This was precipitated by the discharge of untreated organic pollution into the 

river from separate sewers, which was not completely compensated by the 

abatement of CSO spills. Indeed, these remarks agree with those from studies 
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investigating the effect of separate sewers in receiving water quality (De Toffol 

et al., 2007; Mannina and Viviani, 2009). 

Sewer rehabilitation and storage (CST strategy) showed significantly smaller 

resilience regrets for CSO spills (see Figure 5.2, Health & Aesthetics objective) 

than those for its reliability indicator (Figure 5.1), but larger ones in the river 

flooding objective. These results reflect on the capacity of the CST strategy to 

decrease the volume of CSO spills through a large storage scheme (in spite of 

the total duration of the spill) while maintaining the flashiness of the sewer 

system that has an impact on river conditions downstream. The net reduction in 

the volume of untreated intermittent discharges (i.e. CSOs) by using CST was 

also responsible for the improvement in dissolved oxygen failure conditions (i.e. 

lower failure duration and magnitude) in the river for this strategy. 

5.2.3. Sustainability Trade-Offs 

On average, baseline performance regarding sustainability indicators was 

recovered mostly for sewer flooding and CSO spill volume, with SS and OT 

additionally improving river total ammonia levels (see Table 5.3 below). 

Table 5.3: Average sustainability indicators for each strategy and objective 

across scenarios. Values in bold denote whether baseline performance was 

recovered in at least one scenario. 

Strategy 
River 
DO 

River 
Amm 

Health & 
Aesthetics 

River 
Flooding 

Sewer 
Flooding 

GHG 
Emissions 

PV 
Cost 

Accept 

Baseline 3.29 2.43 1,343,674 98,002 663 1758.0 - - 

D-N 2.55 2.77 1,892,889 285,304 1145 2026.8 0.0 1.00 

SCC 2.71 2.72 1,670,134 251,769 931 2021.1 12.8 2.25 

SCR 3.06 2.52 1,002,167 134,261 393 1998.9 9.7 2.25 

SCP 2.80 2.63 1,327,708 190,633 643 2010.3 13.8 2.25 

OT 2.82 2.40 1,761,291 288,594 1119 1843.7 6.5 2.25 

SS 2.42 2.37 793,190 370,151 258 1991.3 17.7 2.00 

CST 3.05 2.71 1,260,078 246,717 494 2093.1 21.4 2.00 

unit mg/L mg/L m3 m3 m3 tCO2 £M - 
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In spite of this, roof downpipe disconnection (SCR strategy) was the only 

strategy able to recover all the sustainability performance indicators to baseline 

levels (see Table 5.3). The SCR strategy showed low sustainability regrets 

across most objectives when compared to the other alternatives (see Figure 

5.3). Other decentralised retrofit strategies (SCP and SCC strategies) also 

showed similar performance patterns, but with larger regrets, proportionate to 

the amount of impermeable area removed from the catchment. The cost regret 

was the most important trade-off for decentralised retrofit strategies relative to 

do-nothing, although all the remaining strategies showed similar or worse trade-

offs in this objective. 

 

Figure 5.3: Sustainability regrets of strategies (black line) across future 

scenarios. Scores in each objective range from no-regrets (green line) to full-

regret (red line). The purple dashed line shows mean performance regrets for 

the “do-nothing” option. 

The largest compromises between sustainability objectives were found in 

centralised grey strategies (SS and CST in Figure 5.3). The separation of part 

of the combined sewer by retrofitting storm sewers (SS strategy) was highly 

efficient in reducing the annual volume of CSOs (i.e. Health & Aesthetics), 
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sewer flooding and river ammonia sustainability regrets; however, this came at 

the cost of larger regrets in the risk of river flooding, total costs, and river 

dissolved oxygen. Sewer rehabilitation and storage enlargement (CST strategy) 

decreased sewer flooding, dissolved oxygen and CSOs sustainability regrets at 

the expense of increasing those related to costs and GHG emissions. This last 

strategy also showed high sustainability regrets for river ammonia and river 

flooding when compared to other alternatives. These results additionally support 

claims that question the use of CSO spills as an accurate indicator of water 

quality impacts on receiving waters (Rauch and Harremoës, 1999a; Lau et al., 

2002). 

Indeed, as SS and CST improved the conveyance capacity of sewer pipes in 

the drainage system; the hydraulic response of the system was intensified, 

compromising performance downstream. The SS strategy deteriorated river 

oxygen levels during the most unfavourable annual events, because this 

strategy offset the organic load abated from CSO spills by increasing untreated 

runoff discharges into the river. Stored volumes that prevented CSO spills were 

later pumped for treatment in the CST strategy, prolonging high hydraulic loads 

at the WWTP, which compromised treatment performance and subsequently 

ammonia levels on the treated effluent. This situation also sustained higher 

flows of treated effluent which added to the risk of river flooding downstream. 

On-site treatment of wastewater (OT) showed the lowest regret regarding 

operational GHG emissions across future scenarios. These were mostly 

affected by dry weather flows, as the influence of stormwater flows is limited to 

episodic rainfall events. This is demonstrated by the similar GHG emissions 

regrets of any of the other strategies relative to “do-nothing” in Figure 5.3. In 

particular, the high regret in GHG emissions for the CST strategy highlights the 

existing trade-off between reducing CSOs and increasing operational emissions 

in large underground storage schemes. 

5.3. Case Study 2: Durham City and Newton Hall 

A similar analysis of regret trade-offs has been carried out for the Durham and 

Newton Hall case study, considering all the proposed alternatives, except the 

hybrid GREEN&GREY strategy, in order to better understand the performance 
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trade-offs associated with specific stand-alone interventions. Results are 

detailed in Tables E.4-E.6 of Appendix E. 

5.3.1. Reliability Trade-Offs 

On average, the future conditions described for the Durham and Newton Hall 

catchment in 2050 deteriorated all reliability indicators relative to the present 

baseline performance (see failure probability expressed as failure duration in 

Table 5.4). The proposed interventions helped to recover part of the baseline 

reliability levels, in particular those related to river water quality performance. 

The most effective strategies were GREEN100 and SEPARATE, which reduced 

both the failure duration of BOD (i.e. river DO objective) and total ammonia (i.e. 

river AMM) to baseline levels for one (i.e. Innovation) and for two scenarios (i.e. 

Innovation and Lifestyles), respectively. 

Table 5.4: Average duration of annual failures (in hours) for each strategy and 

objective across scenarios. Values in bold denote whether baseline 

performance was recovered in at least one scenario. 

Strategy River DO River AMM 
Health & 

Aesthetics 
River 

Flooding 
Sewer 

Flooding 

Baseline 148.2 80.5 832.5 417.5 17.0 

Do-Nothing 161.1 86.3 897.1 418.8 34.1 

SCC 158.9 85.9 896.5 418.2 30.9 

GREEN50 157.9 83.9 897.0 418.8 32.0 

GREEN100 154.7 82.9 897.0 418.2 31.1 

OT 159.2 84.9 897.0 418.8 33.8 

SEPARATE 149.9 78.5 897.0 418.8 30.2 

GREY 159.5 85.1 897.1 418.8 32.5 

The assessment of average reliability regrets for stand-alone strategies found 

the “do-nothing” option as the most regrettable across objectives and scenarios, 

overlapping with the full-regret line in Figure 5.4. On-site treatment for new 

developments (OT in Figure 5.4) and conventional sewer rehabilitation (GREY) 

presented the smallest reliability improvements across objectives relative to “do-
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nothing”. Indeed, the OT strategy was limited to indirectly addressing any issues 

associated with the management of stormwater, whereas GREY was conceived 

to mainly address sewer flooding occurrence in high risk areas. 

 

Figure 5.4: Average reliability regrets for strategies (black line) across future 

scenarios. Scores in each objective range from no-regrets (green line) to full-

regret (red line). The purple dashed line shows performance regrets for the “do-

nothing” option. 

Decentralised retrofit strategies (SCC, GREEN50 and GREEN100) presented 

some improvement in the annual occurrence of failures for most reliability 

objectives. Urban creep mitigation (SCC) showed a very low reliability regret in 

the Health & Aesthetics objective, although it is important to note that the 

relative differences in failure duration for this objective (refer to Table 5.4) were 

negligible, so that their regrets were not considered significant in this case. The 

SCC strategy contributed to a lesser extent to mitigating the duration of water 

quality failures in the river, unlike GREEN50 and GREEN100 (or even the ones 

obtained for SEPARATE); suggesting, as anticipated by the benchmark case 

study, that the duration of CSO spills could not be directly associated with the 

failure duration of water quality indicators in the river. 
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GREEN100 resulted in larger improvements in failure occurrence than 

GREEN50, associated with a larger impermeable area intervened (i.e. 11% of 

impermeable area removed in combined sewer areas for GREEN100, as 

opposed to 5.5% for GREEN50). However, such improvements were smaller 

than those for sewer separation (SEPARATE in Figure 5.4), mostly due to the 

larger impermeable area disconnected from the combined sewer (i.e. around 

25%). 

5.3.2. Resilience Trade-Offs 

The average performance of the proposed strategies relative to baseline 

resilience indicators, showed potential for recovery in water quality objectives in 

at least one scenario (see Table 5.5). Only the SEPARATE strategy (i.e. 

separate sewers) achieved the recovery of these two indicators in three future 

scenarios (all except Markets); with GREEN50, GREEN100 and OT achieving 

the same in two scenarios (i.e. Innovation and Lifestyles). 

Table 5.5: Average resilience indicators for each strategy and objective across 

scenarios. Values in bold denote whether baseline performance was recovered 

in at least one scenario. 

Strategy River BOD River Amm 
Health & 

Aesthetics 
River 

Flooding 
Sewer 

Flooding 

Baseline 0.0286 0.0036 234.5 1749.1 0.084 

Do-Nothing 0.0334 0.0039 454.0 1768.1 0.862 

SCC 0.0324 0.0039 412.3 1759.2 0.628 

GREEN50 0.0316 0.0037 385.6 1768.0 0.555 

GREEN100 0.0301 0.0037 328.3 1759.3 0.455 

OT 0.0320 0.0038 441.2 1768.1 0.790 

SEPARATE 0.0276 0.0034 303.3 1768.2 0.359 

GREY 0.0323 0.0038 451.3 1768.1 0.446 

unit mg/L mg/L m3 m3 m3 

The average resilience regrets for each strategy in the Durham and Newton Hall 

catchment are presented in Figure 5.5. The reduction of regrets described for 



 

213 

the benchmark case relative to “do-nothing” were not so clear in this case study, 

particularly in those objectives related to river water quality (river DO and river 

AMM) and river flooding. This suggests that extreme river conditions (e.g. peak 

flows, peak pollutant concentrations) are rather insensitive to the strategies 

proposed for the Durham & Newton Hall catchment. This was partly explained 

by the relatively small scale of some of the interventions applied to the 

catchment, whose main purpose was to address localised sewer flooding 

problems. Another contributing factor was the magnitude of river flows relative 

to a smaller urban catchment in this case, which compared to the smaller 

dilution rate available in the benchmark case (i.e. a smaller river relative to 

larger urban discharges). 

 

Figure 5.5: Average resilience regrets for strategies (black line) across future 

scenarios. Scores in each objective range from no-regrets (green line) to full-

regret (red line). The purple dashed line shows performance regrets for the “do-

nothing” option. 

Notwithstanding these observations, it is still possible to identify which strategy 

types were able to improve river flooding magnitude (i.e. flood volumes) and 

water quality failure magnitudes (i.e. peak river BOD and total ammonia 

concentrations) under high and low flow conditions, respectively. 
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The negligible differences in failure duration concerning CSO spills (Health & 

Aesthetics regrets for reliability, in Figure 5.4) contrasted with the resilience 

regrets obtained above (see Figure 5.5). This indicated the inadequacy of 

reliability indicators, such as failure duration, to reveal the actual operational 

performance of strategies under failure conditions. Resilience indicators 

provided a better picture of performance, including both the magnitude and the 

duration of failures. 

GREEN50 was unable to reduce CSO volumes sufficiently in order to hedge 

peak river flows and the consequent risk of river flooding downstream. However, 

the amelioration of CSO volumes contributed to reducing the magnitude failure 

of water quality indicators (i.e. BOD and AMM), whose failure was less related 

to high river flow conditions. In contrast, GREEN100, with a larger removal rate 

of impermeable area in the catchment, reduced both the magnitude of river 

flooding and of river pollutants causing water quality failures. It is important to 

note that, since the shock effects at the WWTP were not considered in the 

modelling of the Durham and Newton Hall catchment (refer to Chapter 4, 

section 4.3.2 on “Modelling of the Integrated Urban Wastewater System”), CSO 

and separate sewer discharges into the river Wear were largely responsible for 

water quality deterioration. 

The mitigation of urban creep (SCC strategy in Figure 5.5) was unable to 

significantly reduce the resilience regret for river water quality objectives; 

however, it managed to reduce river flooding regrets. This is a consequence of 

the fragmented nature of this intervention, which was applied throughout the 

catchment to separate and combined sewer areas alike. A large fraction of 

urban creep in the catchment (around two thirds) was associated with separate 

areas, which presented lower densities and therefore higher urban creep rates 

(refer to Chapter 4, Figure 4.11). This meant that the effect of the SCC strategy 

on failure magnitude was less significant in combined sewer areas and more 

relevant in separate areas. Thus, SCC was not effective in the reduction of CSO 

spills; however, this strategy significantly reduced peak flows discharged from 

storm outfalls, attenuating the hydraulic response of storm sewers and the 

subsequent risk of river flooding downstream.  
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This last remark was precisely the factor that constrained the SEPARATE 

strategy in reducing river flooding downstream. As the partial separation of 

combined sewers contributed to ameliorating the volume of CSO spills in the 

catchment (consequently enhancing water quality indicators in the river), the 

new storm sewers induced higher river flows by discharging runoff from the 

separate areas. This did not translate, however, into higher BOD concentrations, 

given the high dilution ratio of the river in this case and the reduced scale of 

separation as compared to the one proposed in the benchmark case. Overall, 

the SEPARATE option resulted in the lowest resilience regrets at the expense 

of maintaining a high river flooding regret. Although not showing such low 

resilience regrets, GREEN100 managed to consistently lower all resilience 

regrets without significant operational trade-offs. 

The rehabilitation of sewers carried out under the GREY strategy had a very 

limited effect on reducing CSO spills and thus in lowering the resilience regrets 

of the water quality objectives (i.e. river DO and AMM). Nevertheless, it was 

effective in achieving a low sewer flooding regret, as expected by its design. 

5.3.3. Sustainability Trade-Offs 

On average, the recovery of baseline performance for sustainability indicators 

occurred mostly for water quality and GHG emissions objectives (see Table 5.6 

below). The most successful strategy in doing so was SEPARATE, recovering 

up to four indicators in two future scenarios (i.e. Innovation and Lifestyles). 

The examination of average sustainability regrets (see Figure 5.6) confirmed 

large trade-offs regarding cost and river flooding for the two grey infrastructure 

strategies (i.e. SEPARATE and GREY). Sewer separation traded good 

performance in the control of flows in combined sewer areas (low regrets 

concerning CSOs and the consequent water quality objectives, as well as sewer 

flooding) for less attenuation of flows in separate areas by using an expensive 

intervention. The GREY strategy acted upon the sewer flooding objective at a 

moderate cost, but failed to significantly improve any other objectives. An 

exception to this was the GHG emissions objective, whose regret was 

enhanced in SEPARATE and GREY by the remedial work applied to storm 

sewers misconnected to the foul network in risk area 022. This intervention was 
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not applied to any other alternative, indicating the limited impact of stormwater 

management in the reduction of GHG emissions, which were more effectively 

diminished by reducing wastewater inflows (see GHG emissions objective for 

the OT strategy in Figure 5.6). 

Table 5.6: Average sustainability indicators for each strategy and objective 

across scenarios. Values in bold denote whether baseline performance was 

recovered in at least one scenario. 

Strategy 
River 
BOD 

River 
Amm 

Health & 
Aesthetics 

River 
Flooding 

Sewer 
Flooding 

GHG 
Emissions 

PV 
Cost 

Accept 

Baseline 6.90 0.78 167,538 27,786.1 627 450.4 - - 

Do-Nothing 7.11 0.81 263,791 27,915.5 3,870 438.8 0.0 1.00 

SCC 7.07 0.81 240,261 27,854.1 3,055 438.3 2.5 2.25 

GREEN50 7.04 0.79 226,112 27,914.5 2,755 437.5 1.0 2.25 

GREEN100 6.98 0.80 194,240 27,853.4 2,327 436.1 2.0 2.25 

OT 7.06 0.80 257,829 27,915.3 3,741 425.9 10.2 2.25 

SEPARATE 6.87 0.77 184,594 27,916.7 2,036 433.9 7.5 2.00 

GREY 7.07 0.80 264,849 27,915.5 2,288 434.2 5.8 2.00 

unit mg/L mg/L m3 
×10

3
 m3 m3 tCO2 £M - 

On-site treatment of wastewater in new development sites (OT strategy) traded 

high performance regarding GHG emissions for a high cost and very limited 

positive effects across any of the remaining sustainability objectives. 

Retrofit decentralised strategies mainly affecting combined areas (i.e. 

GREEN50 and GREEN100) resulted in reduced sustainability regrets 

proportional to the amount of area intervened in the catchment, with small cost 

trade-offs. The relatively low levels of intervention required to implement these 

strategies and the benefits obtained highlight the importance of targeting 

existing combined sewer areas, where sewer mitigation strategies could 

escalate into wider benefits with limited trade-offs. This is also exemplified by 

urban creep mitigation strategies (SCC in Figure 5.6), which removed an 

impermeable area equivalent to that intervened by GREEN50 but resulted in 

higher regrets across sustainability objectives, with the exception of river 
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flooding. Additionally, the higher cost regret for SCC (even higher than the one 

for GREEN100) indicated that, when possible, retrofit interventions in combined 

sewer zones were more effective than widespread systematic interventions that 

could potentially see extensive efforts seeking inadequate areas, such as 

separate sewer areas. 

 

Figure 5.6: Sustainability regrets of strategies (black markers) across future 

scenarios. Scores in each objective range from no-regrets (green line level) to 

full-regret (red line level). The purple dashed line shows mean performance 

regrets for the “do-nothing” option. 

5.4. Summary 

The present chapter provided an analysis of performance regrets attributable to 

various green and grey drainage strategies proposed for two case studies (a 

benchmark case and the Durham and Newton Hall catchment) across four 

different future scenarios. These regrets permitted to evaluate the performance 

trade-offs occurring throughout different objectives for each strategy (sewer and 

river flooding, river water quality, GHG emissions, health and aesthetics, costs 

and acceptability). Such an assessment was carried out for expected future 
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annual conditions from three perspectives: reliability (duration of failure), 

resilience (magnitude and duration of failure) and sustainability (broader social, 

economic and environmental consequences of failure). 

The analysis of reliability regrets was useful in recognising potential 

performance shortfalls and trade-offs in the two cases of study. However, the 

use of failure probability in reliability assessments could be biased, given that a 

reduction in failure frequency or failure probability is not sufficient to ensure that 

the severity of failure (i.e. both its duration and magnitude) has been actually 

improved. This was evidenced, for example, by high reliability regrets in the 

CST strategy concerning CSO spills that turned out to be much lower for 

resilience in the benchmark case study. In this sense, the assessment of 

resilience regrets proved useful in confirming or disproving the severity of 

failures suggested in the reliability assessment by weighting failure magnitude 

with failure duration, providing a more accurate picture of failure performance 

for each strategy. Finally, sustainability regrets brought together the operational 

performance of strategies and other pressing economic, social and 

environmental issues of the case studies that highlighted the previously 

identified trade-offs and realised new ones. 

The results presented in this chapter identified the main trade-offs affecting the 

proposed strategies across a number of future scenarios in each case study. 

Centralised grey infrastructure alternatives (i.e. sewer separation, and sewer 

rehabilitation and storage) were subject to significant trade-offs in reliability, 

resilience and sustainability assessments in both case studies. In the 

benchmark case study these were particularly significant regarding river 

flooding, costs and water quality indicators downstream, indicating that large 

grey schemes could potentially address immediate problems (e.g. sewer 

flooding, CSOs) at the expense of less apparent issues. Retrofit decentralised 

alternatives in the first case study demonstrated better overall performance and 

less marked trade-offs, but requiring significant commitment to extensively 

disconnect impervious areas of the catchment. 

The analysis of average reliability, resilience and sustainability regrets for the 

strategies proposed in Durham and Newton Hall supported the evidence 
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presented in the benchmark case study, while, by comparison, helped to 

identify trade-offs which may be subject to case-specific conditions. 

The trade-offs identified for grey infrastructure interventions in Durham and 

Newton Hall (SEPARATE and GREY) were similar to those described in the 

benchmark case for SS and CST; evidencing, for these cases, that separate 

sewers and sewer rehabilitation strategies involve costly schemes that can 

achieve quick gains in immediate objectives (e.g. sewer flooding and CSO spills) 

with unintended consequences in receiving water bodies (e.g. river flooding). 

The magnitude and impact on the latter issues was, however, case-dependent 

since the downstream effects of such interventions could be importantly 

affected by river and catchment characteristics (e.g. catchment and river size, 

dilution rate) as well as by the spare capacity and treatment processes available 

at the WWTP, which may determine the sensitivity of the treated effluent to 

shock loads, among other issues. The role of cheaper sewer rehabilitation 

schemes for sewer flooding alleviation (GREY) in tackling any of the remaining 

issues in a cost-effective manner was limited in the Durham and Newton Hall 

catchment; given the detrimental effect of improved sewer conveyance 

downstream (e.g. increased CSOs). Centralised storage schemes (CST), which 

could enhance performance as to attenuate the negative impacts of increased 

hydraulic conveyance, proved costly and having an adverse impact on GHG 

emissions in the benchmark case. 

On the other hand, retrofit decentralised strategies in both case studies 

presented less significant trade-offs (only cost) with rather consistent 

performance gains across objectives in reliability, resilience and sustainability 

assessments. The indication in the benchmark case that relevant gains were 

subject to the implementation of large retrofit schemes may not always be true if, 

as found in the Durham and Newton Hall case, retrofit interventions are 

implemented in key combined sewer areas where positive localised impacts (i.e. 

flood mitigation) quickly escalated into wider benefits across objectives (e.g. 

CSO spill reduction, water quality and river flooding improvements). Such 

enhanced performance resulted to come at relatively low cost when compared 

to grey infrastructure options in both case studies, and without unintended 

impacts or consequences downstream. 
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In this sense, urban creep mitigation using permeable pavements (SCC) 

provided little improvement in reliability, resilience and sustainability regrets at a 

higher cost than other retrofit technologies in both case studies. This was 

particularly significant in the Durham and Newton Hall case, where urban creep 

mostly affected low density developments served by separate sewers, limiting 

the potential benefit of urban creep mitigation as compared to those areas 

served by combined sewers. 
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6. ROBUSTNESS OF STRATEGIES FOR RELIABILITY, RESILIENCE AND 

SUSTAINABILITY 

6.1. Introduction 

This chapter covers the assessment of robustness through weighted 

aggregation of reliability, resilience and sustainability regrets for the strategies 

proposed in each case study (sections 6.2 and 6.3, respectively). The 

assessments presented in this chapter concern the understanding of the extent 

to which the trade-offs identified and explained in Chapter 5 are significant to 

the performance regret of strategies for each future scenario and to their 

robustness across scenarios.  

Each subsection of the chapter examines the regrets associated with future 

scenario reliability (subsections 6.2.1 and 6.3.1 for each case study), resilience 

(6.2.2 and 6.3.2) and sustainability (6.2.3 and 6.3.3) indexes 

(𝑅𝑒𝑙(𝑠, 𝑓) , 𝑅𝑒𝑠(𝑠, 𝑓) and 𝑆𝑢𝑠(𝑠, 𝑓), as defined in Chapter 3, subsection 3.5.4). 

These sections briefly discuss the overall robustness of each strategy based on 

“mini-mean” and “mini-max” criteria. Mini-mean is evaluated as the reliability, 

resilience and sustainability robustness index ( 𝑅𝑜𝑏𝑅𝑒𝑙(𝑠) , 𝑅𝑜𝑏𝑅𝑒𝑠(𝑠)  and 

𝑅𝑜𝑏𝑆𝑢𝑠(𝑠) in Chapter 3, subsection 3.5.5), determined as the arithmetic mean of 

the corresponding scenario indexes. In contrast, the mini-max rule selects the 

largest individual scenario index as representative of performance for each 

strategy. In addition to this, a separate analysis is provided for strategies under 

future conditions with maintenance failure (as defined in Chapter 3, subsection 

3.3.2) in order to further explore the robustness of strategies when facing 

variable degrees of structural failure. 

A summary of findings and conclusions is provided in section 6.4. 

6.2. Case Study 1: Benchmark Model 

All the proposed strategies, stand-alone (mono-concept) and hybrid (multi-

concept) alternatives, have been included in the different robustness analysis to 

better understand the potential of mixed interventions in the delivery of 
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robustness for reliability, resilience and sustainability. These included future 

scenario conditions not affected and affected by maintenance failure. Weighted 

regrets by objective for reliability, resilience and sustainability scenario and 

robustness indexes have been included in Appendix F (Figures F.1-F.6 for the 

benchmark case). An analysis of the sensitivity of model outputs and scenario 

regrets to key input parameters is presented in Appendix G. 

6.2.1. Reliability Robustness 

Without Maintenance Failure 

The reliability robustness index for each strategy implemented in the benchmark 

case (𝑅𝑜𝑏𝑅𝑒𝑙(𝑠)) is presented in Figure 6.1 (red bars), along with their specific 

scenario reliability indexes ( 𝑅𝑒𝑙(𝑠, 𝑓) , grey bars within). These have been 

arranged from least to most regrettable (left to right), so that the strategies to 

the left of the graph are the most robust in reliability terms (i.e. lowest reliability 

robustness index). 

 

Figure 6.1: Reliability robustness index (red bars) and individual scenario 

reliability indexes (grey bars within) for strategies proposed in the benchmark 

case study. 
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The most robust strategy regarding reliability (i.e. “robustly reliable” option) was 

the mixed implementation of sewer rehabilitation and decentralised retrofit rain 

gardens for roofs (H4 strategy in Figure 6.1). This strategy was followed by the 

stand-alone disconnection of roofs using rain gardens (SCR in Figure 6.1). 

The least robust alternatives were “do-nothing” and on-site wastewater 

treatment for new developments (D-N and OT in Figure 6.1, respectively), the 

latter with a reliability robustness index similar to the mitigation of urban creep 

using permeable pavement (SCC). The low reliability (i.e. high regrets) of these 

strategies confirmed the limited improvements observed in Chapter 5 for 

reliability objectives relative to “do-nothing” across scenarios. 

The robustness of reliability attributes in retrofit decentralised strategies (SCR, 

SCP and SCC) remained proportionate to the disconnected impermeable area 

in the existing catchment (i.e. more disconnected area, thus better 

performance). The scenario reliability indexes for SCR and SCP followed very 

similar patterns, with regrets in Markets and Austerity above the average regret 

(i.e. reliability robustness index) and Innovation and Lifestyles below average 

regret. The scenario reliability indexes for SCC presented a flatter profile, 

providing a more consistent amount of reliability regret across scenarios. This 

suggests that the mitigation of urban creep was not effective in improving the 

reliability of the system to failures in the least favourable scenarios (e.g. high 

water use, high development), while low creep mitigation rates in more 

favourable scenarios prevented larger reliability gains. 

Concerning grey infrastructure strategies, sewer rehabilitation and storage (CST) 

was ranked within the low-regret end of the reliability scale, followed by sewer 

separation (SS) and, falling back to lower reliability positions, the stand-alone 

rehabilitation of sewer pipes (CS). These last two strategies were not effective 

in enhancing the reliability of the system regarding river flooding and dissolved 

oxygen failure probability (refer to Figure F.1 in Appendix F). 

Multi-concept hybrid strategies (H1 to H5) performed most reliably when retrofit 

roof disconnection was involved in the interventions (i.e. H4, H2 and H5). In 

contrast, hybrid strategies influenced by on-site wastewater treatment in new 
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developments (H1 and H3) resulted in higher-regret reliability indexes, partly 

reflecting on the low reliability performance of the OT strategy. 

The application of the mini-max rule to scenario reliability indexes for each 

strategy (i.e. most regrettable of the individual scenario regrets) would not have 

significantly changed the reliability rank, since high-regret robustness indexes 

were generally associated with individual high reliability scenario indexes. The 

only change would have been H1 replacing SCP by a small regret margin. 

With Maintenance Failure 

The reliability of strategies under future scenarios affected by maintenance 

failure conditions did not significantly change the ranked order of alternatives 

(see Figure 6.2). When compared to the case without maintenance failure, there 

was an overall rise in the regret of robustness reliability indexes, due to the 

increased regrets in those states of the world subject to maintenance failure for 

each strategy, which was not compensated by improved regrets in scenarios 

unaffected by maintenance failure. 

 

Figure 6.2: Reliability robustness index (red bars) and individual scenario 

reliability indexes (grey bars within) for strategies proposed in the benchmark 

case study under maintenance failure. 
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The most significant change was the move of the CST strategy (i.e. sewer 

rehabilitation and storage) ahead of the SCR strategy (i.e. roof disconnection 

through rain gardens) as second most reliable option. This was a consequence 

of infiltration source control strategies being more sensitive to maintenance 

failure, as assumed in this study, than combined grey infrastructure strategies 

(only as much as 16% capacity reduction for CS and CST, as opposed to 50% 

in the other alternatives). This situation allowed grey strategies such as CS and 

CST to reduce their average reliability regret (i.e. reliability robustness index) 

when compared to that obtained without maintenance failure (Figure 6.1), unlike 

any other alternative. The hybrid strategy H5 (mixed intervention of sewer pipe 

rehabilitation and roof disconnection) also moved ahead of SS due to the net 

positive effect of sewer rehabilitation described above in partly ameliorating the 

reliability regrets for the H5 alternative relative to SS. 

The application of the mini-max criterion to reliability performance would have 

had a larger effect than that described in the previous section, given the 

advantage of CS and CST strategies in avoiding large reliability regret 

increases in scenarios affected by maintenance failure. This would have been 

particularly significant for CS, which would have moved ahead of SS, and for H2 

and H1, which would have replaced SCR and SCP in the third and seventh 

position of the reliability robustness hierarchy, respectively. 

6.2.2. Resilience Robustness 

Without Maintenance Failure 

The resilience robustness indexes in Figure 6.3 resulted in low regrets for the 

H4 strategy and the SCR strategy, occupying the most robust positions when 

compared with the rest of strategies. As in the reliability case, “do-nothing” and 

on-site treatment (D-N and OT strategies, respectively) obtained the worst 

resilience robustness indexes as well as the most regretful individual scenario 

resilience indexes. 

Retrofit decentralised strategies (SCR, SCP and SCC) maintained their rank 

positions regarding resilience robustness relative to the reliability robustness 

ranking (presented in Figure 6.1). This contrasted with grey infrastructure 
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alternatives (CST, SS and CS in Figure 6.3), which were displaced by the 

improved robustness of hybrid strategies (H2, H5 and H3, respectively) in 

resilience terms. 

 

Figure 6.3: Resilience robustness index (blue bars) and individual scenario 

reliability indexes (grey bars within) for strategies proposed in the benchmark 

case study. 

In general, a reduction in the resilience robustness index of strategies was 

observed relative to their reliability robustness indexes. The weighting of failure 

duration through failure magnitudes was mainly responsible for this, increasing 

the significance of the most severe annual failures and thus reducing that of the 

most common (i.e. least severe) ones. In this sense, the role of grey 

infrastructure solutions in enhancing the conveyance capacity of the system did 

not have a negative impact on failure durations (in particular those affecting 

river conditions downstream) but it demonstrated to have a more acute effect on 

failure magnitudes (e.g. see river flooding for SS, CST and CS in Figure F.2, 

Appendix F). This situation was most relevant for stand-alone grey 

infrastructure options (i.e. CST, SS and CS), whose resilience regrets under the 

Markets scenario increased beyond those of any other strategies relative to the 

reliability case. The more extreme conditions defined in Markets (i.e. high creep, 

high population, high water use) caused an increase in river flooding regret and 
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water quality regrets, especially for grey infrastructure, that could not be fully 

compensated by reducing regrets in other scenarios and objectives. This meant 

that grey infrastructure strategies deteriorated failure conditions during adverse 

scenario circumstances when compared to other alternatives.  

The application of the mini-max rule to resilience regrets would have slightly 

modified the rank position of strategies in the medium-high performance part of 

Figure 6.3 (CST-H5-SS), with separate sewers (SS) replacing CST in the fourth 

position (i.e. SS-H5-CST). 

With Maintenance Failure 

Resilience robustness indexes under maintenance failure conditions (see 

Figure 6.4 below) showed improvement in the performance of most strategies 

relative to that of grey infrastructure alternatives (CST, CS and SS). This effect 

was similar to that described above for resilience indexes without maintenance 

failure. 

 

Figure 6.4: Resilience robustness index (blue bars) and individual scenario 

reliability indexes (grey bars within) for strategies proposed in the benchmark 

case study under maintenance failure. 
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As a consequence, even when CST remained as the second most robust option 

in resilience terms, the robustness index of the SCR strategy largely diminished 

the regret gap between both alternatives existing in the reliability case. 

Nevertheless, the effects of introducing the severity of failures into the 

assessment were attenuated in the CS and CST strategies by the lower 

magnitude of maintenance failure experienced by these alternatives, as 

assumed in this study. 

When compared to the previous resilience assessment carried out without 

maintenance failure, H3 and SS lost a position in the robustness rank to CS and 

SCP, respectively. The lower performance of SS and OT strategies regarding 

resilience under failure conditions were responsible for these changes. This 

factor also played a role in limiting the resilience robustness of H2 (separate 

sewers plus retrofit rain gardens) relative to H5 (centralised storage plus rain 

gardens), deteriorating its resilience robustness index in relation to the one 

obtained in the case without maintenance failure. 

The minimax criterion applied to these results would have improved the 

resilience rank of the CS strategy (replacing SS in the seventh position) and the 

H2 strategy (moving ahead of H5), but it would not have importantly changed 

the resilience robustness hierarchy.  

6.2.3. Sustainability Robustness 

Without Maintenance Failure 

The implementation of retrofit rain gardens for roof disconnection (SCR strategy) 

resulted in the most robust alternative for sustainability, followed by the multi-

concept strategy H4 (retrofit rain gardens plus rehabilitation of sewer pipes). 

The assessment of sustainability robustness indexes (see Figure 6.5 below) 

introduced cost, GHG emissions and acceptability criteria, which favoured the 

stand-alone disconnection of roofs with rain gardens (SCR) due to its low cost 

and acceptability in scenarios where these criteria were highly valued, as 

opposed to H4 (more costly and less acceptable in those scenarios). 

“Do-nothing” (D-N) was the least robust strategy in sustainability terms, with 

sewer pipe rehabilitation (CS) being penultimate in the robustness hierarchy. 
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Hybrid alternatives showed increased sustainability robustness when compared 

to other mono-concept interventions and, in particular, grey infrastructure stand-

alone strategies (i.e. CST, SS and CS). In this sense, hybrid interventions 

involving retrofit roof disconnection with rain gardens (i.e. H4, H1, H2 and H5) 

improved their sustainability robustness at the expense of that of mono-concept 

grey infrastructure options, which failed to maintain low regrets across future 

scenarios. 

 

Figure 6.5: Sustainability robustness index (green bars) and individual scenario 

reliability indexes (grey bars within) for strategies proposed in the benchmark 

case study. 

Grey infrastructure strategies were generally penalised by their cost burden in 

scenarios that otherwise favoured centralised solutions in the acceptability 

objective (e.g. CST in Markets), as well as by environmental and social issues 

in scenarios where cost was a less important factor to decisions (e.g. CS in 

Lifestyles). This situation contrasted with that of hybrid alternatives, which 

attained a more balanced performance, given their even distribution of regrets 

across objectives and scenarios. 

Retrofit decentralised strategies (i.e. SCR, SCP and SCC) showed a wide 

variety of robustness in sustainability terms (as in reliability and resilience), 

mostly linked to its main trade-off; i.e. the balance between cost and operational 
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performance. In most objectives, unpronounced trade-offs for these strategy 

types ensured a balanced accumulated regret for most scenarios, proportionate 

to the level of impermeable area intervened. However, the cost of permeable 

pavement implementation (SCC) and bioretention planters (SCP) highly 

constrained their obtaining low-regret sustainability scenario indexes and thus 

low-regret robustness indexes. In particular creep mitigation using permeable 

pavement (SCC) proved ineffective in outweighing the cost regret in the 

Markets scenario, or in achieving low regrets in more operationally lenient 

scenarios (i.e. Lifestyles) given the limited benefits derived from low creep 

removal rates. 

On-site treatment of part of the wastewater from new developments (OT) 

showed a significant improvement in sustainability robustness relative to the 

reliability and resilience regrets presented above. In spite of not directly 

addressing stormwater management issues, the OT strategy compensated 

these high regrets with a modest cost trade-off and large improvements in GHG 

emissions. This was also a factor which contributed to the improved 

performance of some hybrid strategies, such as H1. 

The minimax rule applied to sustainability scenario indexes would have implied 

a decrease in the performance of decentralised strategies (i.e. OT, SCR, SCP), 

partly due to their lower acceptability under high-regret scenarios (e.g. Markets) 

when compared to hybrid or centralised options. However, the regret difference 

between the sustainability scenario index of SCR for Markets and Innovation as 

compared to those of H4 was less significant than the gains (i.e. abated regret) 

obtained in scenarios where SCR outperformed H4 (Austerity and Lifestyles). 

These raised questions about the effect of mini-max focusing attention on high 

regret scenarios, while screening out strategies with potential for low regrets 

under alternative future conditions. 

With Maintenance Failure 

The most sustainably robust strategy under maintenance failure conditions was 

SCR (retrofit disconnection of roofs using rain gardens), followed by the multi-

concept alternative H4 (sewer rehabilitation plus rain gardens for roofs) (see 

Figure 6.6). As described for the case without maintenance failures, the larger 
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cost and acceptability regrets of the latter allowed SCR to offset higher regrets 

in the sewer flooding objective. 

 

Figure 6.6: Sustainability robustness index (green bars) and individual scenario 

reliability indexes (grey bars within) for strategies proposed in the benchmark 

case study under maintenance failure. 

Grey infrastructure strategies (CST, SS and CS) fell again into the high-regret 

end of the sustainability hierarchy, affected by high costs or downstream 

environmental performance, or as a consequence of both. Under these 

conditions, sewer pipe rehabilitation (CS) deteriorated its sustainability 

performance and was surpassed by the “do-nothing” option. The performance 

of CS with and without maintenance failure (i.e. as regrettable as “do-nothing” in 

both cases), challenges the viability of this alternative to enhance the 

sustainability of the integrated wastewater system. This contrasted with the 

improved robustness of hybrid strategies, which moved to the low-regret end of 

sustainable alternatives, mainly due to the compensating effect of decentralised 

strategies in reducing the regret of their grey infrastructure components. In this 

sense, the on-site treatment of wastewater flows (OT) also helped to balance 

such regrets, as demonstrated by the large improvement of its sustainability 

regrets, whereby OT managed to surpass the SCP strategy. In spite of both 

having similar sustainability scenario indexes, the implementation of 
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bioretention planters for roads (SCP) carried a larger cost regret that 

significantly added to the regret burden of maintenance failure conditions under 

Markets. 

The robustness of decentralised retrofit strategies (SCR, SCP and SCC in 

Figure 6.6) relative to other alternatives was similar to that obtained without 

maintenance failure. The minimax criterion applied to this case would have 

negatively affected the rank of SCR and SCP by one position, as well as that of 

SS, which would have fallen behind CST in the sustainability hierarchy. 

6.3. Case Study 2: Durham City and Newton Hall 

A similar analysis of reliability, resilience and sustainability robustness was 

carried out for the Durham and Newton Hall case study, considering all the 

proposed strategies. Weighted regrets by objective for reliability, resilience and 

sustainability scenario and robustness indexes have been included in Appendix 

F (Figures F.7-F.12). 

6.3.1. Reliability Robustness 

Without Maintenance Failure 

The most robustly reliable strategy in the Durham and Newton Hall case study 

was the partial separation of combined sewers (SEPARATE in Figure 6.7), 

followed by the mitigation of urban creep (SCC in Figure 6.7). The latter was 

closely followed by the partial disconnection of roofs or roads (GREEN100). The 

low-regret reliability robustness index obtained for SCC resulted mainly from the 

lower duration of CSO spills relative to any of the other options. 

The least robust strategies in reliability terms were “do-nothing” and on-site 

treatment of wastewater (D-N and OT, respectively, in Figure 6.7 below); an 

expected outcome given the limited improvements across objectives described 

in Chapter 5 (i.e. reliability trade-offs for Durham and Newton Hall).   The 

rehabilitation of sewer pipes in areas at high risk of sewer flooding (GREY in 

Figure 6.7) was very limited in improving the reliability of the system, given the 

constraints in reducing any other performance regrets apart from those 

associated with localised sewer flooding. The reliability robustness of this 
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intervention type was enhanced through the introduction of retrofit decentralised 

solutions, in the form of the GREEN&GREY strategy, which replaced grey 

infrastructure interventions in combined sewer areas with retrofit green 

infrastructure ones (rain gardens and bioretention planters). 

 

Figure 6.7: Reliability robustness index (red bars) and individual scenario 

reliability indexes (grey bars within) for strategies proposed in the Durham and 

Newton Hall case study. 

The relative reliability rank of solutions would not have changed by application 

of the mini-max rule, except for the GREY strategy which would have replaced 

the OT alternative among the least robustly reliable options. 

With Maintenance Failure 

For the case with maintenance failures, sewer separation and urban creep 

mitigation (SEPARATE and SCC in Figure 6.8) strategies maintained their rank 

as most robustly reliable options relative to the case without maintenance 

failures. SEPARATE achieved no regrets for the Innovation scenario, given 

large failures of decentralised alternatives under this scenario when compared 

with the non-failure situation of centralised strategies. 

The least robust strategies were “do-nothing” and the mixed implementation of 

decentralised retrofits and sewer rehabilitation (D-N and GREEN&GREY in 
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Figure 6.8 below). The latter was replaced by the GREY alternative (i.e. 

conventional sewer pipe rehabilitation), relative to the case without maintenance 

failure. Given the dominant role of green retrofits in GREEN&GREY (i.e. larger 

interventions than those affecting sewer pipes) and the lenient effect of 

maintenance failure on grey infrastructure strategies as compared to their green 

counterparts, such changes could be partly explained. Additionally, reliability 

indicators, as explained above, seemed to favour the performance of grey 

infrastructure options, a factor which may further explain this change. 

 

Figure 6.8: Reliability robustness index (red bars) and individual scenario 

reliability indexes (grey bars within) for strategies proposed in the Durham and 

Newton Hall case study under maintenance failure. 

There was a general decrease of reliability regrets in this case, relative to the 

case without maintenance failure; this was due to the narrow differences 

between reliability indicators (i.e. failure duration) for the health & aesthetics (i.e. 

CSOs) and river flooding objectives. Under maintenance failure conditions, such 

differences were easily overcome, interchanging best and worst performers 

within these objectives across scenarios. Consequently, these regrets also 

suffered significant changes, affecting the amount of accumulated regret for the 

different alternatives. Retrofit green strategies (i.e. GREEN50 and GREEN100) 

were affected by all of these factors but managed to preserve their reliability 



 

235 

ranks, relative to the case without maintenance failure. Application of the 

minimax rule would have replaced SEPARATE with SCC as the most robustly 

reliable strategy, and OT with GREEN&GREY in the high-regret end of the 

hierarchy. 

6.3.2. Resilience Robustness 

Without Maintenance Failure 

The assessment of resilience regrets for robustness (presented in Figure 6.9 

below) contributed to the overall reduction of robustness indexes relative to the 

reliability case, as described earlier for the benchmark case. The rank of 

strategies in resilience terms experienced a major change relative to reliability, 

with the SCC strategy decreasing in performance (i.e. increased resilience 

regret) and moving from second to fifth position in the resilience hierarchy. The 

magnitude of failures associated with CSO spills in the catchment, which 

resulted independent of the duration of the spills, was mainly responsible for 

this shift. 

 

Figure 6.9: Resilience robustness index (blue bars) and individual scenario 

reliability indexes (grey bars within) for strategies proposed in the Durham and 

Newton Hall case study. 
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The separation of part of the combined sewer areas (SEPARATE) remained as 

the most resilient strategy, with GREEN100 (i.e. retrofit disconnection of roofs 

or roads) as second most robust alternative. Both strategies were associated 

with the largest intervened areas in the catchment (together with SCC) and thus 

contributed to a notable improvement in the impacts derived from operational 

failures. However, as explained in Chapter 5, the mitigation of urban creep 

(SCC) in the Durham and Newton Hall catchment affected mostly separate 

areas (i.e. lower density suburbia), missing on the added benefits of retrofit 

interventions applied to existing combined areas (e.g. GREEN50 or 

GREEN100). 

The negative effect of downstream performance in resilience regrets described 

earlier for grey infrastructure in the benchmark case was not equally evidenced 

in the Durham and Newton Hall catchment. River flooding or water quality 

impacts downstream were, as described in Chapter 5, less significant to the 

overall resilience regret than in the benchmark case, translating into a less 

acute effect in grey infrastructure strategies relative to the alternatives. This 

contributed to improving the resilience regret of separate sewer interventions 

(SEPARATE) relative to green strategies (e.g. GREEN100). 

The resilience rank of strategies would have remained the same using the mini-

max rule, with the exception of the GREY strategy which would have replaced 

GREEN&GREY as the fourth most robustly resilient alternative. 

With Maintenance Failure 

The most robust alternative in resilience terms under maintenance failure (see 

Figure 6.10) was GREEN100, followed by SEPARATE; this represented a 

change with respect to the case without maintenance failure, where separate 

sewers where superior in resilience terms. In this case, the gains of GREEN100 

relative to SEPARATE in Austerity and Lifestyles could not be matched by the 

regret difference in Markets and Innovation. 

As in the case without maintenance failure, “do-nothing” and on-site treatment 

of wastewater in part of new developments (D-N and OT in Figure 6.10, 

respectively) remained the least robustly resilient strategies. GREEN&GREY 

recovered some robustness performance in relation to the reliability assessment 
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under maintenance failure conditions (Figure 6.8), but it could not match the 

resilience performance shown without maintenance failure (Figure 6.9), 

remaining behind the GREY and SCC alternatives. 

 

Figure 6.10: Resilience robustness index (blue bars) and individual scenario 

reliability indexes (grey bars within) for strategies proposed in the Durham and 

Newton Hall case study under maintenance failure. 

The regret differences observed in the reliability case under maintenance failure 

were not transferred to the resilience assessment, suggesting that, regardless 

of the underestimation (or overestimation) of regrets obtained through reliability 

indicators, resilience assessments provided a better picture of operational 

performance. This situation was particularly significant for the SCC strategy, 

which decreased resilience robustness with and without maintenance failures 

(from second most robust in reliability to fifth in resilience). 

6.3.3. Sustainability Robustness 

Without Maintenance Failure 

The retrofit of decentralised bioretention planters for roads and of rain gardens 

for roofs (GREEN100 in Figure 6.11) arose as the most robust strategy in 

sustainability terms, outperforming  larger interventions involving the separation 
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of specific areas served by combined sewers (SEPARATE strategy). The 

general performance achieved by GREEN100 due to balanced regrets, 

compared to larger cost and river flooding regrets in the SEPARATE strategy. 

The least robust strategies remained the “do-nothing” option and the on-site 

treatment of wastewater in new developments (D-N and OT in Figure 6.11). The 

improvement of GHG emissions in the OT strategy was insufficient in this case 

study to compensate for its high cost regret and for the low interaction with 

stormwater management issues (e.g. sewer flooding, CSOs). 

 

Figure 6.11: Sustainability robustness index (green bars) and individual 

scenario reliability indexes (grey bars within) for strategies proposed in the 

Durham and Newton Hall case study. 

The rehabilitation of sewer pipes (GREY) was very limited to address any 

objectives beyond sewer flooding (except GHG emissions due to remedial work 

introduced in one of the areas). The mitigation of urban creep (SCC) provided 

benefits to the control of runoff in separate and combined sewer areas (i.e. 

sewer flooding and river flooding alleviation); however, this alternative missed 

much of the benefits of retrofit infiltration strategies to areas served by 

combined sewers. In this sense, bioretention planters and rain gardens 

implemented at a small scale in areas served by combined sewers (GREEN50) 

resulted more efficient in improving multiple objectives at a small cost regret. 
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In a similar way, the green decentralised components of GREEN&GREY 

implemented in combined sewer areas incremented the robustness of grey 

infrastructure options applied to separate areas by adding the low regrets of 

green retrofits in those areas (i.e. CSO control and water quality enhancement). 

The assessment of sustainability scenario indexes by application of the mini-

max rule would not have changed the rank of strategies defined by the mini-

mean criterion applied in Figure 6.11. 

With Maintenance Failure 

Overall, the robustness of strategies for sustainability under maintenance failure 

did not present many differences in the high-regret and low-regret parts of 

Figure 6.12, relative to the sustainability assessment shown above.  

 

Figure 6.12: Sustainability robustness index (green bars) and individual 

scenario reliability indexes (grey bars within) for strategies proposed in the 

Durham and Newton Hall case study under maintenance failure. 

GREEN100 and SEPARATE were the most robust options, the latter being 

closely followed by GREEN50, while on-site wastewater treatment (OT) and 

“do-nothing” (D-N) remained as the least robust strategies for sustainability (i.e. 

high-regret robustness indexes). Maintenance failure conditions gave 
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GREEN50 the opportunity to reduce its regrets relative to SEPARATE, when 

compared to those in the case without maintenance failure. 

In general, maintenance failure conditions in the sustainability assessment 

improved the robustness index of green retrofit strategies (GREEN100, 

GREEN50, SCC) relative to their retrofit grey infrastructure counterparts 

(SEPARATE), to a larger extent than in the assessment without maintenance 

failures. Indeed, SEPARATE performed more regrettably than GREEN50 and 

GREEN100 under maintenance failure conditions (Austerity and Lifestyles 

scenarios) and was unable to exploit the vulnerability of green strategies when 

these were subject to maintenance failure (Markets and Innovation). 

The application of the mini-max rule to scenario sustainability indexes would 

have improved the sustainability rank of GREEN50 and SCC (becoming second 

and third most robust options, respectively) at the expense of the SEPARATE 

strategy (moving down to the fourth position in the hierarchy). Additionally, 

GREY would have replaced GREEN&GREY as the fifth most robustly 

sustainable option. 

6.4. Summary 

The results presented in this chapter concerned the assessment of robustness 

for reliability, resilience and sustainability in relation to the application of green, 

grey and hybrid strategies in two case studies of interest (benchmark case and 

the Durham and Newton Hall catchment). These assessments were based on 

the evaluation of reliability, resilience and sustainability indexes, obtained by 

weighted aggregation of regrets, which represented the relative performance of 

strategies regarding various objectives across four different future scenarios. 

The proposed strategies consistently revealed, with small differences between 

cases without and with maintenance failure, the effect of the trade-offs identified 

in Chapter 5 for each strategy and case study. 

For each case study, strategies that proved robustly sustainable were both 

robustly reliable and resilient (SCR and H4; SEPARATE and GREEN100). In 

this sense, stand-alone grey infrastructure alternatives in each case study 
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struggled to be robustly sustainable, even when they showed robustness 

concerning both reliability and resilience (e.g. CST and SS). The trade-offs 

affecting centralised grey infrastructure strategies in the benchmark case 

consistently impeded them achieving low-regret robustness indexes for 

reliability, resilience and sustainability altogether. This situation was also 

maintained under maintenance failure conditions, in spite of rehabilitated sewer 

strategies being favoured by a lower degree of structural failure. 

These remarks support the view that reliability and resilience are necessary but 

not sufficient conditions for sustainability in the analysed case studies. 

Nevertheless, the behaviour of some strategies (e.g. H1 and OT in the 

benchmark case) appeared to contradict this view, since their low robustness in 

reliability and resilience terms later translated into higher sustainability 

robustness; however, these were far from low-regret robustness indexes at the 

top of the hierarchy. Additional objectives, not accounted for in reliability and 

resilience assessments (cost, GHG emissions and acceptability), made up a 

significant part of their enhanced performance, while benefitting from the low 

performance of other options in these objectives. 

Thus, it seems that the attributes of reliability, resilience and sustainability, 

rather than presenting unequivocal relationships in the case studies, are less 

categorically related and more dependent on how weighted regrets are traded 

between the different objectives considered within each robustness assessment. 

In this sense, the multi-criteria and multi-scenario assessment conditions 

presented for the case studies favoured “balanced” strategies; i.e. those that 

avoided marked performance trade-offs, generally responsible for larger regrets 

across future scenarios. 

Multi-concept hybrid strategies in the case studies demonstrated that grey 

infrastructure alternatives can still be part of robustly reliable, resilient and 

sustainable strategies when combined with green retrofit solutions that are able 

to compensate for their characteristic trade-offs. This explained, for example, 

the consistently higher robustness of H4 (sewer rehabilitation and retrofit rain 

gardens) over CST (sewer rehabilitation and centralised storage); highlighting 

the benefits of decentralised infiltration as an alternative to large centralised 

tunnel interventions in the benchmark case. Nevertheless, separate sewers in 
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the Durham case study (SEPARATE) were also robustly reliable, resilient and 

sustainable given the low sensitivity of river conditions to catchment 

interventions and the larger scale of this strategy when compared to other 

alternatives.  

While the robustness of sewer separation may be uncertain, dependent on case 

study conditions, this compared with the less uncertain performance of green 

retrofit strategies, which maintained their robustness ranks across assessments 

and regardless of maintenance failure conditions. Although, in view of the 

results of the benchmark case study, their robustness largely depended on the 

disconnection of a significant fraction of the catchment (e.g. SCR), the 

subsequent acquired robustness was demonstrated in reliability, resilience and 

sustainability assessments. The application of retrofit green solutions to the 

Durham and Newton Hall case study (GREEN100 and GREEN50) showed that 

such robustness can also be achieved by targeting smaller localised areas (e.g. 

combined sewer areas at the risk of flooding) without the need to intervene a 

large fraction of this catchment. This supports the view that retrofit strategies 

can be optimised to maximise the potential benefits of retrofit SuDS 

(Environment Agency, 2007; Digman et al., 2012). Further, such an approach to 

retrofitting, favours their practical implementation in catchments where large-

scale applications may be unfeasible (Stovin et al., 2013). 

In both case studies, the low-regret of retrofit SuDS in jointly delivering multiple 

benefits (e.g. water quantity and quality) across various future scenarios 

differed from their grey infrastructure counterparts, which were subject to larger 

regret trade-offs. In this sense, the benefits described above for retrofit green 

infrastructure as compared to conventional grey infrastructure strategies, seem 

to agree with those reported in the literature regarding its role in improving 

water quantity and quality impacts more effectively (Semadeni-Davies et al., 

2008; De Sousa et al., 2012; Wang et al., 2013). 

The mitigation of urban creep through implementation of permeable pavements 

in the benchmark catchment accumulated a large regret across scenarios, 

given the limited benefits accrued from the relatively small scale of this 

intervention, as well as due to cost regrets disproportionate to operational 

performance gains. Such effects were less acute in the Durham and Newton 
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Hall case, where the scale of urban creep mitigation was similar in magnitude to 

other alternatives. Nevertheless, the spread of urban creep across catchment 

areas, predominantly separate areas where low property density encouraged 

unplanned development, diffused the potential benefits of retrofitting within 

combined sewer areas. 

Although urban creep is an important factor in intensifying water quantity and 

quality issues in urban catchments (UKWIR, 2010; Wright et al., 2011), the 

complexity and variety of additional threats affecting IUWWSs limited the 

effectiveness of creep mitigation, which could not tackle by itself the scale and 

severity of impacts expected in the future for the considered case studies. Such 

limitations favour the implementation of permeable pavements for urban creep 

mitigation in combined sewer areas where this intervention could be also partly 

integrated with retrofit disconnection of adjacent roofs and paved areas (e.g. 

roof runoff partly discharging into permeable pavement used to mitigate urban 

creep), while supporting cheaper alternatives for urban creep mitigation in 

separate areas (e.g. gravel). 

The regret-based approach used in the robustness assessments helped to 

bring attention to future conditions most relevant to decisions, where positive or 

negative outcomes may strongly depend on our choices (Lempert and Collins, 

2007; Hall et al., 2012b), as well as to identify scenario vulnerabilities for each 

strategy (i.e. larger than average regrets). Such information can prove useful in 

the development of hedging measures that contribute to ameliorating the regret 

of alternatives in those states of the world. 

The application of the “mini-mean” approach proposed in this thesis 

demonstrated appropriate in representing the variable performance of strategies 

across future scenarios. In contrast, the mini-max rule can focus attention on 

scenarios where strategies may be more vulnerable and mitigation measures 

may be required. In this sense, mini-mean can be used complementarily to the 

mini-max rule, as the former can help to identify strategies with low regrets in 

alternative future scenarios to those identified by mini-max. Indeed, the most 

regrettable future scenario for a strategy may not correspond with scenarios 

where the abated regrets relative to alternative strategies become more 

important than those abated by the alternatives. This suggests that the first 
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criterion for selecting a robust strategy is to consider the number of scenarios 

where lower regrets are possible (i.e. probability of better performance), to 

subsequently analyse the net balance between regrets and potential gains (i.e. 

abated regrets) likely to be encountered in each scenario when compared to 

alternative options. Such criteria were generally fulfilled by the “mini-mean” 

approach applied to both case studies, providing an adequate picture of 

robustness for each strategy. 

The assessment of robustness through reliability indicators presented 

limitations in measuring the performance of strategies in both case studies. 

Such an assessment, exclusively based on failure durations, seemed to 

underestimate the regrets affecting grey infrastructure interventions in the 

benchmark case, which were generally benefitted by the omission of failure 

magnitudes in reliability indicators concerning river impacts downstream (i.e. 

river flooding and water quality). This was later demonstrated by the relative 

improvement of regrets across strategies in the resilience assessment, which 

accounted for both failure duration and magnitude for each event, but whereby 

grey infrastructure solutions could not reduce their regrets to the same extent as 

their green and hybrid counterparts. In particular, objectives that presented 

weaker relationships between duration and magnitude of failure (e.g. CSO spills 

and river flooding in the Durham case study) were very vulnerable to 

misrepresenting the severity of the impacts of failure. 
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7. DYNAMIC ASSESSMENT OF TRANSIENT SCENARIOS FOR 

STRATEGIC PLANNING 

7.1. Introduction 

As introduced in Chapter 3 (section 3.6), the methodology applied in the present 

chapter is based on the assessment of compliance of each strategy for different 

adaptation targets (i.e. adaptation thresholds or tipping points beyond which a 

strategy’s performance is no longer satisfactory). Such evaluation was carried 

out for the timeline 2015-2050, every 5 years (i.e. one epoch) along each 

pathway of transient scenarios. The implementation of strategies and the 

development of each scenario were considered to happen gradually between 

the years 2015 and 2050. The compliant domain of a strategy was therefore 

defined by the extent to which a strategy satisfies the thresholds established by 

the adaptation targets in future scenarios, as well as by the performance regrets 

relative to the alternatives (in terms of reliability, resilience or sustainability 

regret). The methodology was only applied to the benchmark case, given the 

constraints to developing this approach in the Durham City and Newton Hall 

case (e.g. computational time required, software limitations, and lack of 

automatization of the process).  

The domains for each strategy are first identified for reliability (subsection 7.2.1), 

resilience (7.2.2) and sustainability targets (7.2.3) individually (presented in 

section 7.2 as “individual domains of transient scenarios”). The domains are 

then overlapped to recognise the mutual domain of reliable, resilient and 

sustainable performance for the adaptation targets (presented in section 7.3 as 

“mutual domains of transient scenarios”). A summary of findings and 

conclusions is provided in section 7.4. 

7.2. Individual Domains of Transient Scenarios 

Reliable, resilient and sustainable compliant domains for each strategy have 

been identified by determination of the satisfactory domain that complied with 

two different sets of adaptation targets: a) sewer flooding and CSO spills; b) 

sewer flooding, CSO spills and river flooding (refer to section 3.6 in Chapter 3). 
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These sets of adaptation targets have been considered separately given the 

previous discussion presented in Chapter 6, regarding the specificity of river 

conditions, which may have overemphasised the effect of some strategies in 

increasing the risk of river flooding downstream.  

For additional reference, figures showing individual compliant domains for 

reliability, resilience and sustainability for single adaptation targets (i.e. sewer 

flooding, CSOs and river flooding separately) have been included in Appendix H 

(Figures H.1-H.9). 

7.2.1. Compliant Domains for Reliability 

Reliability adaptation targets have been assessed for each strategy under each 

future scenario. The compliant domains resulting from adaptation targets for 

sewer flooding and CSOs, and for sewer flooding, CSOs and river flooding are 

shown in Figure 7.1 and Figure 7.2, respectively. These figures show the 

compliant domain of each strategy as a two-dimensional space illustrating: 1) 

the time periods when a strategy is expected to fulfil a set of adaptation targets 

before it requires further adaptation (i.e. sell-by-date); 2) the different pathways 

of transient scenarios representing variable conditions in the future; and 3) the 

colour-coded reliability scenario indexes of that strategy for each scenario and 

epoch (5-year tiles). Analogous descriptions are applicable to the figures 

containing compliant domains for resilience and sustainability adaptation targets. 

The satisfactory reliability domain concerning sewer flooding and CSO 

adaptation targets (Figure 7.1) was largest for the H4 strategy (i.e. the 

combination of SCR and CS; rain gardens for roofs and sewer rehabilitation), 

which also achieved lower regrets (i.e. greener shades for the compliant domain) 

relative to the other alternatives. Separate sewers (SS) also showed an ample 

domain of satisfactory performance; however, the reliability indexes obtained 

across objectives, including those for sewer flooding and CSOs, resulted more 

regretful (i.e. yellow shades) than those of H4 (i.e. green shades). The 

implementation of rain gardens for roofs (SCR) had a more limited domain 

(continuously interrupted in two scenarios; i.e. grey shades), just like H2 (i.e. 

half rain gardens and half sewer separation), but with lower reliability regrets in 

their satisfactory domain in relation to SS.  
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Figure 7.1: Reliability domains for sewer flooding and CSO adaptation targets. 

The compliant domain (coloured tiles) is described by reliability scenario 

indexes for each epoch, ranging from low (green) to high regret (red). Non-

compliant and full-regret epochs are shown in grey. 

Only these four strategies (H4, SS, SCR and H2) presented at least one 

uninterrupted pathway of transient scenarios (i.e. without a sell-by-date). Given 

the short interruptions in Innovation and Lifestyles for the SCP strategy 

(bioretention planters for roads), there was potential to avoid early non-
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compliance by increasing the implementation rate of this strategy in the early 

planning periods. 

The limiting adaptation target in Figure 7.1 (i.e. the one that mainly constrained 

the satisfactory domain of strategies) varied depending on each alternative; 

strategies which lacked capacity to address sewer flooding issues in the 

catchment were more limited by the reliability flooding target (e.g. do-nothing, 

D-N, or urban creep mitigation, SCC) whereas more capable strategies were 

limited by the reliability CSO spills target (e.g. SS, SCR, H4; refer to Figures H.1 

and H.2 in Appendix H). 

The introduction of an additional adaptation target (i.e. river flooding) in the 

assessment (see Figure 7.2) caused the interruption of all the pathways of 

transient scenarios and the reduction of the compliant domains across 

strategies. Only the stand-alone implementation of rain gardens for roofs (SCR) 

or its combination with sewer rehabilitation (H4) showed some potential to 

achieve compliance for the Lifestyles scenario as these were temporarily 

disrupted in intermediate epochs. Such temporary interruptions were due to 

scenario conditions overcoming a strategy’s capacity, which in turn overcome 

scenario conditions as its implementation increased within the next epochs. 

The river flooding adaptation target had the most limiting effect in the reliability 

compliant domain for all the strategies (see Figure H.3 in Appendix H) and, in 

particular, for those involving grey infrastructure interventions which, as seen in 

Chapters 5 and 6, had a detrimental effect in increasing the risk of river flooding 

downstream. 
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Figure 7.2: Reliability domains for sewer flooding, CSO and river flooding 

adaptation targets. The compliant domain (coloured tiles) is described by 

reliability scenario indexes for each epoch, ranging from low (green) to high 

regret (red). Non-compliant and full-regret epochs are shown in grey. 

7.2.2. Compliant Domains for Resilience 

The compliant domains for resilience regarding both sewer flooding and CSOs 

adaptation targets (see Figure 7.3 below) showed significant differences relative 

to the reliability case (Figure 7.1), demonstrating once again that reliability 
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indicators were less accurate in describing the full performance of the proposed 

strategies. This effect was particularly important for strategies previously limited 

by the reliability CSO adaptation target (i.e. H4, H2, SCR, CST, SS, CS), which 

experienced an increase in their compliant domains for the resilience adaptation 

target. 

Thus, the domain of compliant performance was expanded relative to the 

reliability domain, in particular for sewer rehabilitation (CS) and for sewer 

rehabilitation with enhanced centralised storage (CST). The latter intervention 

achieved uninterrupted compliant pathways for three scenarios (see Figure 7.3), 

only outperformed by H4, which complied with the adaptation targets in every 

pathway. The implementation of separate sewers (SS) also improved the size of 

its compliant domain, but two of its pathways remained interrupted, although 

only discontinuously and for as much as two epochs along the 2015-2050 

timeline. The CS strategy was fully compliant for the Lifestyles scenario, 

showing higher resilience regrets across scenarios relative to the other 

alternatives (i.e. yellow shades). 

Rain gardens serving residential roofs (SCR in Figure 7.3) showed two 

compliant pathways as well as brief discontinuous interruptions in the Austerity 

scenario. The combined implementation of rain gardens with separate sewers 

(H2) also complied in two scenarios, achieving compliance in the other two only 

towards the end of the timeline; i.e. such scenarios required near completion of 

the intervention to overcome scenario conditions. Less successful hybrid 

options (H1, H3 and H5) were only able to comply within the most lenient 

scenarios (Innovation and Lifestyles) towards the end of the timeline. 

The remaining strategies failed to address the water quantity adaptation targets 

for most part of the timeline across scenarios, especially “do-nothing” (D-N), 

mitigation of urban creep (SCC) and on-site wastewater treatment for new 

developments (OT), whose implementation did not satisfy any of the adaptation 

targets at any point throughout the scenarios. 
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Figure 7.3: Resilience domains for sewer flooding and CSO adaptation targets. 

The compliant domain (coloured tiles) is described by resilience scenario 

indexes for each epoch, ranging from low (green) to high regret (red). Non-

compliant and full-regret epochs are shown in grey. 

As in the reliability case, the incorporation of the river flooding adaptation target 

to the analysis (see Figure 7.4) limited the compliant domain of the proposed 

strategies even further. Nevertheless, the hybrid option H4 managed to comply 

with the resilience adaptation targets along three scenarios, whereas SCR was 

fully compliant for Lifestyles and temporarily interrupted in the Innovation 



 

252 

scenario. Such disruptions in performance could be avoided by increasing the 

implementation rate (or construction lead times) before the 2025-2030 epoch, 

when a sharp increase in precipitation intensities from that epoch onwards (i.e. 

from 5% to 10%, before and after 2025) might cause scenario conditions to 

overcome the capacity of the implemented strategy.  

 

Figure 7.4: Resilience domains for sewer flooding, CSO and river flooding 

adaptation targets. The compliant domain (coloured tiles) is described by 

resilience scenario indexes for each epoch, ranging from low (green) to high 

regret (red). Non-compliant and full-regret epochs are shown in grey. 
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The previous observations may also recommend the partial implementation of 

rehabilitated sewers and raingardens for roofs (as in H4) in the early epochs of 

the planning timeline to maximise compliance. Further implementation of H4, 

which involves a greater investment effort, could be reassessed as future 

conditions unfold, allowing for flexibility (e.g. if future conditions turn up to be 

similar to those under Lifestyles, then SCR could be enough to comply with 

adaptation targets, avoiding completion of the sewer rehabilitation elements of 

H4). Under less favourable conditions (i.e. Markets scenario or worse) 

additional options may need to be considered to achieve compliance. 

7.2.3. Compliant Domains for Sustainability 

The most compliant domain for sustainability regarding sewer flooding and 

CSOs adaptation targets across scenarios was the one corresponding to sewer 

separation (SS) which showed uninterrupted pathways for every scenario (see 

Figure 7.5). The compliant domain for H4 (rain gardens for roofs and sewer 

rehabilitation) was only temporarily interrupted (due to CSO non-compliance 

only) in Markets during the first two epochs after the increase of precipitation 

intensity to +10% (2025-2035). Similar temporary interruptions occurred for the 

SCR (rain gardens for roofs) and H2 (implementation of half of rain gardens for 

roofs and half of separate sewers) strategies for the Markets and Austerity 

scenarios. 

As observed in the resilience case (Figure 7.3), less successful hybrid 

strategies (i.e. H1, H3 and H5 in Figure 7.5) limited their compliance to the last 

epochs of the most lenient scenarios (Innovation and Lifestyles), requiring near 

completion of these alternatives to avoid violation of sustainability adaptation 

targets. Although the implementation of bioretention planters for roads (SCP) 

was similarly constrained in its compliance in the Markets and Austerity 

scenarios, this alternative showed potential for compliance in Innovation and 

Lifestyles, which were only temporarily interrupted along the timeline. 

The conventional rehabilitation of sewers and expansion of centralised storage 

(CST strategy in Figure 7.5) fully complied along two scenarios (Innovation and 

Lifestyles) with a brief interruption in one epoch for the Austerity scenario. 

Stand-alone sewer rehabilitation (CS strategy) only achieved compliance at the 
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start of the scenarios and for as much as ten years under Innovation, with early 

sell-by-dates in 2020 and 2025. 

 

Figure 7.5: Sustainability domains for sewer flooding and CSO adaptation 

targets. The compliant domain (coloured tiles) is described by sustainability 

scenario indexes for each epoch, ranging from low (green) to high regret (red). 

Non-compliant and full-regret epochs are shown in grey. 

 



 

255 

As described above for the reliability and resilience cases, strategies which 

were the least beneficial to water quantity targets did not comply for any epoch 

along any of the considered scenarios; such was the case for the “do-nothing” 

option (D-N), the mitigation of urban creep (SCC) and the on-site treatment of 

wastewater flows for new developments (OT). 

The sustainability regrets, shown in Figure 7.5 as coloured shades for the 

compliant domain, suggested that SCR and H4 could provide additional benefits 

(associated with a larger set of objectives) to the IUWWS given the low regret 

represented by their sustainability indexes (i.e. green shades). This contrasted 

with the installation of separate sewers (SS), which were characterised by 

larger regrets along all the scenarios, in spite of having a more compliant 

domain regarding water quantity issues (i.e. sewer flooding or CSO spills). 

These additional benefits are particularly important in the sustainability 

assessment as a larger number of objectives and trade-offs are involved. 

Indeed, a shift in future adaptation targets (e.g. away from water quantity 

objectives) could potentially exploit the performance weaknesses of high-regret 

grey strategies such as SS or CST.  In contrast, low-regret strategies (e.g. H4, 

SCR or H2) could be more robust to adapt to such changes along scenarios 

and across scenarios as they could potentially comply for an increased number 

of objectives. 

As the river flooding adaptation target was added to the sustainability analysis 

(see Figure 7.6) the compliant domains suffered a significant reduction across 

strategies, with most of them limiting compliance to the early epochs of few 

scenarios. Nevertheless, SCR and H4 still managed to fully comply along the 

Lifestyles scenario, with SCR also complying in Austerity by 2050. 
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Figure 7.6: Sustainability domains for sewer flooding, CSO and river flooding 

adaptation targets. The compliant domain (coloured tiles) is described by 

sustainability scenario indexes for each epoch, ranging from low (green) to high 

regret (red). Non-compliant and full-regret epochs are shown in grey. 

7.3. Mutual Domains of Transient Scenarios 

The compliant domains presented in the previous section were jointly analysed 

to identify domains that resulted mutually satisfactory in terms of reliability, 

resilience and sustainability for each set of adaptation targets. Thus, domains 
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for reliability, resilience and sustainability were overlapped for sewer flooding 

and CSO objectives (Figure 7.7) and for sewer flooding, CSO and river flooding 

objectives (Figure 7.9). Similar domains, overlapping resilience and 

sustainability domains only were also presented (Figure 7.8 and Figure 7.10) in 

order to account for the potential biased assessment of reliability domains 

reported earlier in the study. The coloured shades representing performance 

regret for multiple objectives were determined for this case as the average of 

reliability, resilience and sustainability indexes for each epoch within each 

scenario. 

The reliability domain was the most restricting domain, limiting compliance 

across strategies, in particular that of the CST strategy for sewer flooding and 

CSOs adaptation targets (see Figure 7.7 below). This compared to the domain 

obtained for resilience and sustainability alone, excluding the reliability domain 

(see Figure 7.8). The most relevant change observed in Figure 7.8 is the 

enhancement of the satisfactory domain for the most compliant strategies 

regarding resilience and sustainability targets (i.e. SCR, SS, H2, H4 and CST), 

whereas the remaining alternatives did not expand their domains relative to the 

ones including the reliability adaptation target (Figure 7.7). 

Regardless of the expansion in their compliant domains, most strategies were 

affected by a deterioration of their regrets when the reliability adaptation target 

was removed from the assessment (Figure 7.8). This effect was more obvious 

for grey infrastructure strategies (SS, CST and CS) as these alternatives were 

generally favoured by reliability assessments, as explained in Chapter 6, due to 

their omission of failure magnitudes. 

Given the domains presented in Figure 7.8, several intervention alternatives 

could be combined to comply with adaptation targets while allowing for flexibility 

and delaying decisions until future conditions are more certain. For example, 

the H4 strategy (rain gardens and sewer expansion) could be implemented for 

the first two epochs (until 2025) to ensure compliance and, if future conditions 

are lenient toward the Innovation or Lifestyles scenarios, continue with SCR 

alone (i.e. stopping the expansion of sewers and requiring less investment 

effort). Alternatively, separate sewers (SS) could be initially implemented (with 

additional measures to comply within Austerity) and wait for future conditions to 
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unfold in order to shift to the lower-regret H2 strategy (i.e. slow down the 

implementation of separate sewers and intensify that of rain gardens for roofs in 

half of residential areas).  

 

Figure 7.7: Reliable, resilient and sustainable domains for sewer flooding and 

CSO adaptation targets. The compliant domain (coloured tiles) is described by 

mean scenario indexes for each epoch, ranging from low (green) to high regret 

(red). Non-compliant and full-regret epochs are shown in grey. 
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Figure 7.8: Resilient and sustainable domains for sewer flooding and CSO 

adaptation targets. The compliant domain (coloured tiles) is described by mean 

scenario indexes for each epoch, ranging from low (green) to high regret (red). 

Non-compliant and full-regret epochs are shown in grey. 

The compatibility of strategies could be improved by increasing lead times and 

implementation rates as required by the adaptation targets. Because this is an 

on-going assessment, more strategies and adaptation targets should be 

incorporated as information becomes available and conditions change. Such 
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process would improve the potential combination of alternative interventions 

and the flexibility of investment decision-making. 

The addition of river flooding adaptation targets for reliability, resilience and 

sustainability to the assessment (see Figure 7.9) left SCR and H4 strategies as 

the most viable options for compliance along the scenarios, although very 

limited to comply if future conditions develop away from the most lenient 

conditions for these alternatives (i.e. Lifestyles).  

The consideration of resilience and sustainability alone for the three adaptation 

targets (see Figure 7.10) ensured the compliance of these strategies along the 

Lifestyles scenario; however, any of the remaining scenarios were continuously 

disrupted, failing to comply after 2025. 

Given these integrated assessments of performance, the implementation of rain 

gardens for roof runoff infiltration and its combinations with other alternatives 

(e.g. sewer rehabilitation in H4 or separate sewers in H2) was the most 

promising option in order to comply with adaptation targets while providing 

lower regrets along the timeline. This performance compared to that of stand-

alone grey infrastructure strategies (i.e. SS, CST or CS), which could potentially 

provide an acceptable level of compliance regarding water quantity objectives at 

the cost of increased regrets associated with additional objectives along the 

timeline, thus reducing the adaptability of the IUWWS to changing adaptation 

targets and increasing the risk of lock-in (i.e. maladaptation) within the 

scenarios. 
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Figure 7.9: Reliable, resilient and sustainable domains for sewer flooding, CSO 

and river flooding adaptation targets. The compliant domain (coloured tiles) is 

described by mean scenario indexes for each epoch, ranging from low (green) 

to high regret (red). Non-compliant and full-regret epochs are shown in grey. 
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Figure 7.10: Resilient and sustainable domains for sewer flooding, CSO and 

river flooding adaptation targets. The compliant domain (coloured tiles) is 

described by mean scenario indexes for each epoch, ranging from low (green) 

to high regret (red). Non-compliant and full-regret epochs are shown in grey. 

7.4. Summary 

A dynamic assessment of compliance and adaptability potential was carried out 

in this chapter for a number of green, grey and hybrid strategies in a case of 

study for the period 2015-2050. First, the assessment was based on the 
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compliance of the strategies with three adaptation targets (sewer flooding, river 

flooding and CSO spills) for reliability, resilience and sustainability across four 

pathways of transient future scenarios (scenarios evaluated every 5-year 

epoch); establishing the compliant domain for each strategy. Second, the 

adaptability potential was defined as the regret indexes (for reliability, resilience 

and sustainability) derived from the weighted aggregation of regrets for various 

performance objectives (water quantity, water quality, and other social, 

economic and environmental issues). 

In view of the presented results, the attribute of robustness as applied in 

Chapter 6 (i.e. low regrets across scenarios) may not determine compliance 

with adaptation targets (i.e. the compliant domain), although it may facilitate 

adaptation as targets shift and additional or alternative objectives are introduced 

in reliability, resilience and sustainability assessments. In this context, decision-

making processes including dynamic assessments such as the ones presented 

above can help to achieve a balanced approach between addressing current 

pressing problems in the IUWWS (i.e. flooding, CSOs) and building the capacity 

to adapt to future needs and challenges that may emerge in the long term.  

Indeed, the compliant domains described in this chapter extended the concept 

of robustness to different dimensions: first, by considering the performance of 

each strategy relative to the others (i.e. regret) across scenario epochs (as 

considered in Chapter 7); second, by introducing the dynamic assessment of 

such robustness along transient scenarios (i.e. robustness as the capacity to 

maintain low regrets as scenario conditions develop); third, by considering 

these notions of robustness together for reliability, resilience and sustainability 

(i.e. robustness as the ability to keep low regrets across scenarios and along 

time for reliability, resilience and sustainability assessments). A final dimension 

of robustness, away from the concept of regret, referred to the ability of a 

strategy to satisfy sets of adaptation targets along time and across scenarios 

(i.e. to maximise the compliant domain regardless of future conditions or even 

as adaptation targets change). 

For any of the concepts of robustness defined above, green infrastructure 

strategies (and particularly retrofits) showed the most promising performance 

concerning low regrets across scenarios and along time, while enhancing the 
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adaptation potential of grey infrastructure strategies applied to the case study 

(such as that of CS within the H4 hybrid option). Similarly, the compliant domain 

of large stand-alone green infrastructure options like SCR was comparable to 

those of large stand-alone grey infrastructure schemes, such as sewer 

separation (SS) or sewer rehabilitation and centralised storage expansion 

(CST). 

Indeed, the capacity of both green and grey strategies to comply with the 

considered adaptation targets in the case study can be used to deploy 

enhanced drainage infrastructure interventions when actions are required to 

address pressing issues as the future unfolds. By using dynamic assessments 

like the ones presented here, short-term actions can be complemented by the 

long-term components of the assessment, allowing planners to delay decisions 

and distribute investment efforts, so that the most adequate strategies (and 

combinations of strategies) are put in place to satisfy the needs of the present 

while being able to adapt to those of the future. 
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8. CONCLUSIONS AND RECOMMENDATIONS 

8.1. Introduction 

This chapter summarises the main findings presented throughout the thesis and 

the conclusions that can be drawn from them (8.2). It also describes the main 

contributions to research (8.3) and presents recommendations for further 

research and for the exploitation of research within the water sector (8.4). 

8.2.  Conclusions 

A number of conclusions are presented below as related to the thesis objectives 

outlined in Chapter 1. First, the main conclusions related to research needs 

identified in the literature review are presented (8.2.1). This is followed by 

conclusions from the methodological stages of the study, including: the proposal 

of strategies (8.2.2); the development of future scenarios (8.2.3); and the 

development of a method for multi-criteria and multi-scenario analysis for 

reliability, resilience and sustainability (8.2.4). Second, key findings and 

conclusions are presented as related to performance trade-offs (8.2.5), 

robustness for reliability, resilience and sustainability (8.2.6), and dynamic 

assessment of transient scenarios (8.2.7).  

8.2.1. Objective 1: Identify the main research needs associated with the 

management of the IUWWS in the face of future uncertainties 

As a result of the review of literature carried out in Chapter 2, the following 

conclusions can be drawn: 

 Sustainability and, more recently, resilience are the main paradigms 

driving the management of stormwater and wastewater in urban areas, 

although their exact operationalisation in IUWWS is still very unclear, and 

their relationships are not well understood. 

 There is an ongoing debate regarding which type of urban drainage 

strategies (among others, centralised and decentralised interventions) 

are capable of delivering sustainability and resilience in urban drainage 

systems. In this context, green infrastructure options and retrofit solutions 
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show potential to address multiple objectives at localised scales, but less 

is known about their performance at the catchment-scale. 

 Emerging challenges to the management of IUWWSs (climate change, 

urbanisation, population growth, maintenance of legacy infrastructure, 

etc.) are deepening the uncertainties facing traditional decision-making 

methods, whose capabilities fall short in addressing high levels of 

uncertainty. 

 An increasing number of objectives are required in order to assess urban 

drainage strategies, as more integrated approaches are encouraged. 

These include a wide range of criteria that are often difficult to integrate 

and compare, thus requiring new methods to the assessment of these 

objectives. 

8.2.2. Objective 2: Propose relevant catchment-scale strategies for the 

management of stormwater and wastewater. 

The proposal of catchment-scale strategies for the management of wastewater 

and stormwater, intended to reflect the variety of alternatives available and their 

applicability to two different case studies. The following can be concluded: 

 Retrofit strategies, as opposed to new development or rehabilitation 

strategies, provide the opportunity to bring additional benefits to 

intervened areas, while addressing issues associated with the mitigation 

or adaptation of threats to the IUWWS. Green strategies such as rain 

gardens and bioretention planters can be opportunistically retrofitted in 

property gardens and roads, respectively, easing their implementation in 

high-density areas served by combined sewers. 

 The mitigation of urban creep is generally accepted as a beneficial and 

preventive intervention that can ameliorate urban drainage issues; 

however, technology preferences from property owners and regulations 

may prove significant barriers for their development. 

 Sewer rehabilitation and storage expansion are common strategies to 

adapt combined drainage systems to current and future problems. Sewer 

separation is also an alternative considered when localised stormwater 

management is required without straining the capacity of existing 
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combined sewers. Similarly, on-site management of wastewater flows in 

new developments allows for urbanisation and population growth while 

maintaining the capacity of existing combined systems. 

 Multi-concept hybrid strategies can be conceived on the basis of: 1) 

exploiting the performance strengths of various interventions; 2) 

increasing the adaptability potential in relation to mono-concept stand-

alone strategies; 3) finding agreement as compromise solutions that 

satisfy multiple stakeholders. 

8.2.3. Objective 3: Develop future scenarios, representative of 

uncertainties affecting the future performance of the IUWWS. 

The main conclusions derived from the development of future scenarios carried 

out in Chapter 3 and from their application to two cases of study (Chapter 4) are: 

 High-uncertainty and high-impact drivers must be selected to define a 

diverse possibility space where future scenario narratives can be framed 

and developed. Key factors related to the management of IUWWS 

(regulations, technology, maintenance and public attitudes) are then 

used to link generic narratives with specific internal and external threats 

affecting the future IUWWS. 

 Following such a process, scenario narratives and selected threats can 

be combined to build plausible representations of the future that scan a 

vast envelope of possibilities, defining the boundary space for decision-

making processes. 

 The four future scenarios developed in this thesis are flexible and can be 

adapted to different circumstances and case studies as the estimation of 

uncertain parameters vary across catchments. 

8.2.4. Objective 4: Develop a method to evaluate the reliability, resilience 

and sustainability of alternative strategies based on their 

performance across multiple objectives and future scenarios. 

The development of a method that allows the assessment of strategies for a 

wide range of objectives and future scenarios (presented in Chapter 3) and its 

application to two cases of study revealed the following: 
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 The concept of regret is a useful tool for the comparative assessment of 

a large array of performance indicators that, given their different nature 

(quantitative or qualitative) and scale, are often difficult to compare and 

normalise. The integrative nature of regret permits analysts to 

operationalise complex concepts such as reliability, resilience or 

sustainability into indexes that can illustrate the overall performance of 

the proposed strategies.  

 The integration of multi-criteria analysis and scenario planning to 

evaluate robustness through regret-based indexes helps to recognise 

future scenarios that may be particularly relevant to decisions or where 

strategies are individually vulnerable. In this sense, the integration of 

criteria in scenario indexes, resembling the features of multi-attribute 

utility functions, permits the preservation of the prevalent views defined 

for each scenario by assigning weights that are consistent with those 

views. 

 The application of the “mini-mean” criterion for robustness proposed in 

this thesis is demonstrated to be valuable in representing the variable 

performance of strategies across future scenarios and complementary to 

some of the limitations observed for the mini-max rule, which tends to be 

a more pessimistic decision criterion. 

8.2.5. Objective 5: Identify and evaluate the main performance trade-offs 

associated with the integrated assessment of strategies for reliability, 

resilience and sustainability,  

In relation to the role of performance regrets in identifying reliability, resilience 

and sustainability trade-offs in the assessed case studies, the following 

conclusions can be drawn: 

 Reliability trade-offs derived from reliability performance indicators may 

be biased, given that a reduction in failure frequency or failure probability 

is not sufficient to ensure that the severity of failures has actually been 

improved. This is particularly true for indicators where failure duration 

and failure magnitude present weak relationships (e.g. CSO spills). 
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 The assessment of resilience trade-offs that account for failure severity is 

useful in confirming or disproving the significance of trade-offs suggested 

by reliability assessments, providing a more accurate picture of 

operational performance for each strategy. 

 The sustainability trade-offs correspond to those recognised through 

resilience regrets, while incorporating pressing economic, social and 

environmental issues that highlight and realise new trade-offs. 

Concerning the specific trade-offs consistently identified in the assessed case 

studies for the proposed strategies, it is concluded that: 

 Centralised grey infrastructure alternatives are subject to significant 

trade-offs for reliability, resilience and sustainability, indicating that large 

grey schemes can potentially address immediate objectives (e.g. sewer 

flooding, CSOs) at the expense of high costs or by causing unintended 

consequences associated with less apparent issues (i.e. GHG emissions, 

river flooding and water quality issues downstream). 

 The significance of river trade-offs downstream is, however, importantly 

affected by catchment characteristics (e.g. catchment and river size, 

dilution rate) as well as by the spare capacity and treatment processes 

available at the WWTP. Nevertheless, it is likely that the increased 

flashiness induced in catchments by grey interventions may affect 

receiving water bodies in ways beyond the ones considered in this study 

(e.g. increased scouring and erosion of spawning river beds and 

changes in morphological features associated with the increase of river 

flows downstream). 

 Large centralised storage (i.e. tunnel), which could enhance the 

performance of end-of-pipe strategies to attenuate the negative impacts 

of increased hydraulic conveyance downstream, are costly and have an 

adverse impact on operational GHG emissions and, depending on 

catchment conditions, treatment performance (i.e. by prolonging the 

effect of high flows in treatment processes). 

 Green retrofit strategies present less marked trade-offs than grey 

infrastructure alternatives, generally related to the cost required to obtain 

a set of rather consistent performance gains across objectives for 
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reliability, resilience or sustainability indicators. In this sense, the 

mitigation of urban creep using permeable pavements provides smaller 

gains at a higher cost than other green strategies (e.g. rain gardens or 

biorentention planters). 

 On-site treatment and management of domestic wastewater flows in new 

developments is limited to indirectly address issues associated with the 

management of stormwater (e.g. release combined sewer capacity and 

consequently ameliorate the effects of sewer flooding or CSOs). 

Conversely, stormwater management strategies struggle to reduce the 

operational GHG emissions of the system, which are more effectively 

diminished through the management of domestic wastewater flows. 

8.2.6. Objective 6: Assess the robustness of strategies based on their 

reliability, resilience and sustainability across future scenarios. 

In relation to the possible existing relationships between robustness for 

reliability, resilience and sustainability in urban drainage systems described in 

Chapter 6, it is concluded that: 

 Strategies that result in being robust for sustainability in the case studies 

are likely to be robust for both resilience and reliability across future 

scenarios, whereas robustness for resilience and, in particular, for 

reliability cannot guarantee robustness for sustainability. However, such 

relationships are not categorical since they are dependent on the 

selected performance indicators and how their regrets are traded 

between objectives within each robustness assessment. 

 In the analysed case studies, robustness for sustainability is regarded as 

a more demanding attribute as more trade-offs and an increasing 

number of criteria (environmental, social and economic) are involved in 

its definition. In this sense, drainage strategies traditionally perceived as 

robust may be critically flawed if, as anticipated by incoming legislation 

and research, larger and more stringent performance criteria are required 

in the future. 
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Concerning the ability of the proposed strategies to achieve robustness for 

reliability, resilience and sustainability across future scenarios in the considered 

case studies, the following conclusions can be drawn: 

 Grey infrastructure alternatives affected by marked trade-offs (cost, 

environmental issues) are not robust for sustainability, even in cases 

where they show robustness concerning both reliability and resilience. 

This is also the case under maintenance failure conditions, in spite of 

sewer rehabilitation strategies being favoured by a lower degree of 

structural failure, as assumed in this study.  

 Such trade-offs are compensated for in hybrid strategies combining grey 

infrastructure interventions with green retrofit strategies. These multi-

concept strategies demonstrate that the robustness of grey infrastructure 

strategies for reliability, resilience and sustainability can be enhanced by 

using green retrofits as these are able to better negotiate their 

performance regrets. In this sense, decentralised infiltration through rain 

gardens proves a better option than large storage tunnel interventions 

when combined with sewer rehabilitation schemes for robustness across 

future scenarios. 

 As an exception, sewer separation can achieve low-regret robustness for 

reliability, resilience and sustainability in situations where receiving water 

conditions downstream are relatively insensitive to catchment 

interventions. Under such conditions, however, this strategy always 

results in being less robust for sustainability than green retrofit 

interventions. 

 Green retrofits provide consistent levels of robustness under a variety of 

scenarios and catchment conditions, achieving low-regret robustness for 

reliability, resilience and sustainability. In this sense, a commitment to 

extensively disconnect large areas of the catchment is not a prerequisite 

to ensure the robustness of green retrofits, as limited retrofitting in high-

risk combined sewer areas can address local issues (i.e. sewer flooding) 

while quickly delivering wider benefits (e.g. CSOs, water quality). 

 The mitigation of urban creep using permeable pavements cannot 

compensate its cost regret with small operational gains in the drainage 

system. This situation is further intensified in low-density separate 
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developments, where the benefits of disconnection are less evident.  

Such limitations recommend: 1) the implementation of this strategy in 

combined sewer areas where this can be integrated with the 

disconnection of adjacent roofs and paved areas as to enhance its 

catchment benefits; 2) supporting more cost-effective alternatives for 

urban creep mitigation in separate areas and elsewhere. 

 On-site management of domestic wastewater is not a robust strategy for 

reliability, resilience or sustainability given the indirect effect during storm 

events that affect a big fraction of the accumulated regret. 

8.2.7. Objective 7: Explore the near-term and long-term planning 

implications for the adaptation and management of IUWWS. 

This objective was fulfilled in Chapter 7 by building upon the multi-criteria (i.e. 

regrets) and multi-scenario (i.e. transient scenarios) methodologies developed 

throughout the study. Adaptation targets were defined for few criteria and used 

to define domains of compliance that satisfied the targets (first for reliability, 

resilience and sustainability individually). These were then overlapped to define 

mutual domains of transient scenarios for each strategy. Thus, in view of the 

application to the benchmark case study, it can be concluded that: 

 The attribute of robustness, as defined in this study (i.e. low regrets 

across scenarios), is not a definitive characteristic to ensure compliance 

with adaptation targets for reliability, robustness and sustainability along 

the planning timeline. However, robustness may facilitate adaptation as 

targets shift and additional or alternative objectives are introduced to 

redefine our views on reliability, resilience and sustainability in the future. 

In this sense, there is a tension between adapting to short-term pressing 

issues in the IUWWS (i.e. flooding, CSOs) and avoiding maladaptation 

when building the capacity to adapt to future needs and challenges that 

may emerge in the long-term. 

 Retrofit green strategies show the most promising performance in 

balancing these near-term and long-term needs for reliability, resilience 

and sustainability, as they are able to comply with adaptation targets 

while keeping low regrets across and along the compliant domain. Grey 
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infrastructure schemes are compliant for the considered targets but cast 

doubts regarding their adaptability to changing circumstances. 

 The compliance and adaptability of grey infrastructure rehabilitation 

schemes to future conditions is importantly improved in hybrid strategies 

that incorporate green retrofits, as demonstrated by comparison to 

alternative sewer rehabilitation schemes without and with large 

centralised storage. 

 Sewer separation schemes provide large compliance for reliability, 

resilience and sustainability domains when downstream performance is 

not considered. Their potential for adaptability and compliance in the 

future may also strongly depend on catchment conditions and their 

interaction with receiving waters. 

 The analysed domains contribute to the identification of action plans that 

are developed as future conditions unfold, allowing for more flexibility 

and avoiding long-term commitment to strategies that may cause 

maladaptation. Investment deferral or staged investment can also be 

incorporated into such an approach to maximise the compliance and 

adaptability of selected action plans. 

8.3. Summary of Contributions 

The work presented in this thesis has contributed to the field of urban drainage 

engineering and management in the following ways: 

 The development of a set of future scenario narratives that embed main 

issues associated with the management of IUWWS in the UK, 

particularly as related to uncertainties regarding the maintenance of 

legacy infrastructure, the role of regulations, the level of technological 

development, and the public attitudes toward decentralised 

responsibilities. 

 The development of a regret-based approach to multi-criteria analysis 

and to the assessment of trade-offs (defined by a variety of quantitative 

and qualitative performance indicators) in the context of IUWWSs. This 

approach facilitates the comparison of strategies affected by multiple 
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objectives and the realisation of a richer set of trade-offs within each 

strategy.  

 The integration of scenario planning and multi-criteria analysis in order to 

assess the robustness of green and grey infrastructure strategies. The 

main features of the method include the application of a “mini-mean” 

criterion to robustness that complements the limitations of mini-max and 

can balance the different attitudes of decision makers to risk. The 

method provides a way to integrate multiple objectives, including 

intangible ones, which are often difficult to assess by traditional methods 

(e.g. cost-benefit analysis). 

 The development of reliability, resilience and sustainability metrics (i.e. 

indexes) that integrate multiple objectives, including: environmental 

(sewer and river flooding, GHG emissions, in-river water quality), social 

(acceptability of strategies) and economic (whole-life costs) issues. 

Additionally, the use of these metrics to characterise the performance of 

various green and grey strategies overall and across different future 

scenarios. 

 The investigation of the robustness of green and grey infrastructure from 

a reliability, resilience and sustainability point of view in the context of the 

comprehensive modelling of integrated urban wastewater systems. In 

this sense, the study contributes to the advancement of a growing body 

of knowledge concerned with the robustness of urban drainage options in 

the face of future uncertainty and sheds light into the existing 

relationships between the qualities of reliability, resilience and 

sustainability in the IUWWS. 

 The analysis of multi-objective comparative assessments that improve 

our understanding regarding the performance of catchment-scale green 

infrastructure strategies (including retrofit options) against grey 

infrastructure alternatives, as well as the derived implications for the 

future management of IUWWSs to foster reliability, resilience and 

sustainability. 

 The development of a method to integrate and analyse the compliance 

and multi-criteria performance of strategies for the dynamic management 
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of urban drainage systems so as to understand their near-term and long-

term planning implications for reliability, resilience and sustainability. 

8.4. Recommendations 

A number of recommendations for future research and for the application of the 

present research to the water industry are described below. 

8.4.1. Recommendations for Future Research 

The work presented in this thesis can be complemented, expanded and built 

upon regarding the following themes for further research: 

 The limited set of interventions and implementation rates applied to the 

case studies may require future attention. In this sense, the variety of 

strategies considered for the purpose of future studies could incorporate 

more remedial interventions, behavioural measures, as well as a wider 

range of green and grey structural interventions (e.g. rain water 

harvesting, green roofs, grey water recycling, wastewater reclamation 

schemes or in-river interventions). Complex combinations of options 

could be explored to optimise these interventions for compliance and low 

regret in the future, as well as to systematically explore existing trade-

offs. 

 Additional planning and strategic research efforts should focus on the 

integration of drainage strategies into the wider integrated water 

management cycle (including water resources management) to create 

systemic models that expand the boundary of interactions beyond the 

IUWWS, so that strategies can develop into more integral interventions. 

This becomes particularly relevant when considering strategies closely 

associated with both urban drainage and water supply, such as 

wastewater reclamation or rainwater harvesting schemes. This poses a 

number of challenges given the complexity of the assessment ahead, but 

a regret-based approach could help to address some of these 

complexities to, for example, simplify the integration of objectives and 

indicators. 
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 Further developments in the incorporation of additional (and more 

sophisticated) assessment criteria are needed to reflect the increasing 

complexity of the IUWWS. In this context, the incorporation of 

comprehensive life-cycle carbon assessments or criteria concerning 

ecosystem services are both timely and interesting issues that need to 

be investigated. 

 The development of scenarios such as the ones presented in this thesis 

involves the assumption of relationships within socio-economic systems 

that may or not apply to the future. This could present a limitation in 

exploring future conditions that may not agree with such preconceptions. 

The use of ensembles of scenarios (simpler scenarios that make multiple 

combinations of few uncertainties) can be used to investigate specific 

uncertainties in more depth. 

 The present study has focused on dynamic adaptation strategies 

considering a fixed set of performance targets (sewer flooding, CSOs 

and river flooding); however, future research would benefit from involving 

uncertainties associated with the concept of compliance and the 

possibility of adaptation targets changing in the future (i.e. changing 

perceptions and values that influence these targets). 

 Alternative definitions of reliability, resilience and sustainability need to 

be explored (with varying sets of performance indicators) and tested in 

order to better understand their relationships and the attributes that 

should be sought when proposing interventions for the management of 

stormwater and wastewater. 

 The use of valuation methods that monetise the performance gains and 

losses of drainage strategies, such as cost-benefit analysis, may be 

integrated with or compared to regret-based approaches in order to 

develop better informed decision-making support methods. 

8.4.2. Recommendations for Application to the Water Industry 

The research presented in this thesis shows potential to be exploited and 

applied to the water industry. Some recommendations for its application are 

outlined as follows: 
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 The concept of regret and the outputs of the analysis are useful tools and 

concepts to engage with a variety of project partners and stakeholders. 

Potential concerns and objectives of such stakeholders can be easily 

incorporated into the method to create tailored concepts of reliability, 

resilience and sustainability that help to communicate all the goals and 

ambitions of the partners. 

 Consideration of multiple objectives and future uncertainty can reduce 

the likelihood of unexpected threats triggering costly reactive investment, 

instead of planned proactive actions. Approaching infrastructure planning 

projects in such way could help to avoid over-investment in schemes that 

do not deliver cost-effective wastewater services associated with broader 

environmental, social and economic issues in the long-term. 

Additional measures and recommendations to consider when implementing 

such an approach in an industrial environment are included below: 

 Adequate resources should be allocated for the successful application of 

the methodologies, including: data collection and processing 

requirements, modelling requirements (including calibration and 

verification), scenario development exercises in the form of in-house 

workshops, as well as skills and knowledge concerning integrated 

modelling, valuation methods, multi-criteria analysis, uncertainty analysis, 

etc. In this sense, sites where data availability and knowledge gaps are 

less pronounced could be used as pilot studies to initially test research 

applications. 

 In this sense, a number of steps are recommended for the consideration 

of additional scenarios and their evaluation in a new case study area: 

o Develop adequate and consistent scenario narratives that 

complement and/or enrich the decision space considered by any 

other considered scenarios. For example, the scenarios proposed 

in this thesis can be used to develop intermediate scenario 

conditions or even hybrid conditions. A future horizon for the 

assessment (e.g. 2050) needs to be defined according to the 

requirements of the study. 
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o Select internal and external threats of interest that make up the 

uncertain scenario elements relevant to establish the future 

conditions against which different strategies need to be assessed. 

o Propose an estimate range for each of these threats under the 

defined horizon by incorporating data sets such as: urban creep 

studies and projections carried out in the case study area, 

population estimates for the future, present and future sewer 

condition assessments (e.g. model-based and CCTV 

assessments) that can inform on the future deterioration of assets 

(e.g. siltation), climate change estimates recommended for the 

purpose of the study (this could also be extended to temperature 

change and other variables in addition to rainfall intensity), 

misconnected sewer investigations, water demand projections in 

the area, and expected technology preferences on the area under 

different future conditions (e.g. survey-based studies or 

willingness-to-pay assessments may inform some of these 

preferences, although expert-based interviews can give better 

insights concerning future preferences). 

 The capabilities of additional software packages for industrial use should 

be explored as to facilitate integrated modelling development and 

application to existing drainage networks. In addition to this, standard 

methodologies for the simplification and skeletisation of large networks 

could be also beneficial to generate more agile models and to facilitate 

the development of integrated assessments across the business. 

 A wide portfolio of strategies should be considered, including those 

traditionally unlikely to be included in the typical set of interventions 

considered within the water company. This should include partnering and 

consultation with local authorities and developers as to encourage the 

implementation of innovative stormwater and wastewater management 

solutions in existing private properties and new developments. 

 Corporate guidance and specifications should be developed following 

pilot applications in order to formalise the approach and make it 

accessible for internal and external use in a commercial environment (i.e. 

facilitate communication with consultants and other potential partners). 
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Support and championing of such guidance from the senior management 

will provide the necessary support and confidence to decision making at 

all levels within the company. An example of this would be to encourage 

a shift in the mind-set that drives the business, from short-term reactive 

planning to more balanced approaches that also incorporate long-term 

planning issues and adaptability potential. This is a challenging task as it 

is closely related to the regulatory framework whose main focus is on 

well-defined short-term investment plans. 

8.5. Closing Remarks 

This research project has accomplished the aim and objectives initially identified 

by proposing a novel integrated approach to support robust decisions that foster 

reliability, resilience and sustainability in the face of uncertainty. The presented 

work has made a number of original contributions to the field; however, there is 

substantial scope for further research in this area. 
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APPENDIX A: MODELLING OF THE BENCHMARK CASE 

Table A.1: Dry weather flow hourly multipliers defining flow and pollutant 

patterns in the benchmark case study (after Schütze et al., 2002). 

Hour Flow SS VSS CODt CODs NH4 NO3 

1 0.74 0.52 0.53 0.58 0.6 0.72 1 
2 0.69 0.45 0.48 0.51 0.53 0.67 1 
3 0.64 0.39 0.43 0.45 0.47 0.61 1 
4 0.67 0.43 0.47 0.51 0.55 0.63 1 
5 0.7 0.48 0.51 0.57 0.64 0.66 1 
6 0.74 0.54 0.55 0.63 0.73 0.68 1 
7 0.94 0.89 0.88 0.9 1.13 0.96 1 
8 1.15 1.33 1.29 1.21 1.62 1.28 1 
9 1.36 1.86 1.78 1.57 2.19 1.63 1 
10 1.32 1.82 1.71 1.55 1.85 1.53 1 
11 1.29 1.77 1.64 1.54 1.52 1.43 1 
12 1.25 1.72 1.57 1.52 1.21 1.33 1 
13 1.19 1.57 1.48 1.45 1.18 1.27 1 
14 1.13 1.42 1.39 1.39 1.15 1.21 1 
15 1.07 1.28 1.31 1.32 1.11 1.15 1 
16 1.08 1.2 1.22 1.25 1.09 1.13 1 
17 1.09 1.12 1.12 1.18 1.07 1.11 1 
18 1.09 1.03 1.02 1.11 1.05 1.08 1 
19 1.08 1.06 1.08 1.09 1 1.01 1 
20 1.06 1.08 1.14 1.08 0.95 0.94 1 
21 1.05 1.1 1.2 1.07 0.9 0.86 1 
22 0.97 0.91 0.97 0.92 0.82 0.84 1 
23 0.88 0.74 0.76 0.78 0.75 0.82 1 
24 0.8 0.59 0.58 0.65 0.67 0.78 1 

Mean value 

Units 

Table 4.1 

L/s 

335 

mg/L 

245 

mg/L 

606 

mg/L 

281 

mg/L 

27.7 

mg/L 

0 

mg/L 

 

Table A.2: Rainfall-runoff and extraneous flow concentrations assumed for the 

benchmark case study (after Schütze et al., 2002). 

Rainfall-runoff SS VSS CODt CODs NH4 NO3 

Mean value 

Units 

190 

mg/L 

139 

mg/L 

100 

mg/L 

46 

mg/L 

2 

mg/L 

0 

mg/L 
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Figure A.1: DWF diurnal patterns for the benchmark IUWWS 
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Table A.3: Main characteristics of treatment units present at the wastewater 

treatment plant (after Schütze et al., 2002). 

 *Characteristic refers to design values under dry-weather conditions. 

 

 

 

Treatment Unit  Value Unit 

Primary Clarifier    

 Capacity 6785 m3 

 Retention time* 6 h 

 Overflow rate* 0.5 m/h 

Aeration Tank    

 Capacity 10,400 m3 

 Retention time* 9 h 

 Air flow rate 30,000 m3/h 

Secondary Clarifier    

 Capacity 6600 m3 

 Retention time* 6 h 

 Overflow rate* 0.56 m/h 

 Return of activated 
sludge 

600 m3/h 

 Waste sludge rate 27.5 m3/h 
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APPENDIX B: DESIGN CONSIDERATIONS 

Attenuation volume of SCR and CST 

Attenuation capacity of SCR (rain gardens): 

Area removed is 34% of total area: 

758.9×0.34 = 258 ha  

Assuming 20 mm of attenuation storage for rain gardens: 

258 ha×10,000 
m2

ha
×20×10

-3
m = 51,600m3  

This is comparable to the storage volume proposed for the CST strategy 

(50,000 m3). 

Design of hybrid strategies 

50% of SCR strategy removes 17% of total area:  

758.9×0.17 = 129 ha 

Annual rainfall in 2050: 683.4 mm 

Annual volume managed by 50% of SCR:  

129 ha×10,000 
m2

ha
×683.4×10

-3
m = 881,586 m3/year  

Fraction of OT to manage an equivalent volume: 

Average population increase in 2050 (mean growth across scenarios): 56,563 

Average population affected by OT in 2050: 28,282 

Average water use in 2050: 135 L/h/day 

Average wastewater volume managed by OT: 

28,282×135×365 = 1,393,596 m3/year 



 

285 

Fraction of OT required for managing the volume of 50% SCR 

[881,586 m3/year]: 

881,586

1,393,596
 = 0.63 (63% of OT) 

Fraction of SS to manage an equivalent volume: 

Average separate area managed by SS across scenarios in 2050: 323 ha 

Annual volume managed on average by SS: 

323 ha×10,000 
m2

ha
×683.4×10

-3
m = 2,206,382 m3/year 

Fraction of SS required for managing the volume of 50% SCR 

[881,586 m3/year]: 

881,586

2,206,382
 = 0.4 (40% of SS) 
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APPENDIX C: WHOLE-LIFE COST ESTIMATION OF STRATEGIES 

Benchmark Case Study 

Table C.1: Capital and maintenance unit cost estimates used in the benchmark 

case study. 

Strategy Capital unit cost estimates 
Annual maintenance unit 
cost estimates 

Source 

SCC 

£337.5/m
3
 storage converted to 

£33.75/m
2
 by assuming 0.1 

m
3
/m

2
 from technical 

specifications(Marshalls, 2013) 

£1/m
3
 storage converted to 

£0.1/m
2
 from specification 

(0.1m
3
/m

2
). 

(Committee on 
Climate Change, 
2012) 

SCR 

£5/m
2
 roof for rain gardens (i.e. 

about £150 per roof 
disconnected) 

 (Defra, 2013)  

 
Comparable to those of 
soakaways: £0.1/m

2
 of roof 

area served. 

(Committee on 
Climate Change, 
2012) 

SCP 

£73/m
2
 bioretention planter  

(Islington Council, 
2011) 

 
Comparable to those of 
retention ponds: £1.3/m

2
 of 

planter. 

(Committee on 
Climate Change, 
2012)  

CST/CS 

Laying 6,200 m of sewer pipes 
(diameter 1500mm): £1,380/m 
(linearly extrapolated from 
£826/m

(*)
 for a 900mm pipe) 

(a) 
(Ofwat, 2004, 
2005) 

Concrete tank: £553/m
3
 (a) 

(Committee on 
Climate Change, 
2012) 

SS 

Separation of combined sewer 
by introducing a new surface 
water sewer (estimated as 
£30m to disconnect around 380 
ha)  

(b) (MWH, 2010) 

OT 

Local treatment of domestic 
wastewater requires an 
investment of £6.63m/10,000 
properties

(**) 

 
(Gray and Booker, 
2003) 

 Annual maintenance for 
small treatment works 
(secondary biological 
treatment): 
300/kgBOD5/day

(***)
 

(Ofwat, 2004, 
2005) 

(a) The maintenance cost of the CS strategy is assumed to be the same required to maintain 

the combined sewer system in any of the other strategies, so this has been neglected to avoid 

double counting. (b) The maintenance cost of sewer separation is assumed to be compensated 

by a reduction of the maintenance regimes of the combined sewer system. 
(*) 

original value 

£494-£677/m (2004), average of £585.5/m converted to present prices. 
(**) 

original value 

$AU11.8m (2003), converted to pounds £0.4/$AU(2003) and present prices. 
(***) 

average BOD5 

load to WWTP 196mg/L. 
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Table C.2: Whole life cost calculation for SCC (Markets) 

Year 
Capital 
cost (£) 

PV capital 
cost (£) 

O&M 
cost(£) 

PV O&M 
cost (£) 

PV Total 
cost (£) 

0 845,679 845,679 0 0 845,679 

1 845,679 817,081 2,506 2,421 819,502 

2 845,679 789,450 5,012 4,679 794,129 

3 845,679 762,754 7,518 6,781 769,535 

4 845,679 736,960 10,024 8,735 745,696 

5 845,679 712,039 12,530 10,550 722,589 

6 845,679 687,960 15,036 12,232 700,192 

7 845,679 664,696 17,542 13,788 678,484 

8 845,679 642,218 20,048 15,225 657,443 

9 845,679 620,501 22,554 16,549 637,049 

10 845,679 599,518 25,060 17,766 617,283 

 11 845,679 579,244 27,566 18,881 598,125 

12 845,679 559,656 30,072 19,901 579,557 

13 845,679 540,731 32,578 20,831 561,561 

14 845,679 522,445 35,084 21,674 544,119 

15 845,679 504,778 37,590 22,437 527,215 

16 845,679 487,708 40,096 23,124 510,832 

17 845,679 471,216 42,602 23,738 494,954 

18 845,679 455,281 45,108 24,284 479,565 

19 845,679 439,885 47,614 24,767 464,651 

20 845,679 425,009 50,120 25,189 450,198 

21 845,679 410,637 52,626 25,554 436,191 

22 845,679 396,751 55,132 25,865 422,616 

23 845,679 383,334 57,638 26,126 409,461 

24 845,679 370,371 60,144 26,340 396,712 

25 845,679 357,847 62,650 26,510 384,357 

26 845,679 345,745 65,156 26,638 372,384 

27 845,679 334,054 67,662 26,727 360,781 

28 845,679 322,757 70,168 26,780 349,537 

29 845,679 311,843 72,674 26,798 338,641 

30 845,679 301,297 75,180 26,785 328,082 

31 845,679 291,108 77,686 26,742 317,850 

32 845,679 281,264 80,192 26,671 307,935 

33 845,679 271,753 82,698 26,574 298,327 

34 845,679 262,563 85,204 26,454 289,017 

  £17,506,134 
 

£704,116 £18,210,250 

 
Urban creep area affected: 87.7ha 

Total CAPEX: £33.75/m2×(87.7ha×10,000m2/ha)=£29,598,750 
CAPEX annuity: £29,598,750÷35=£845,678 

OPEX annuity: £0.1/m2×(87.7ha×10,000m2/ha)÷35=£2,506 
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Table C.3: Whole life cost calculation for SCC (Innovation) 

Year 
Capital 
cost (£) 

PV capital 
cost (£) 

O&M 
cost £) 

PV O&M 
cost (£) 

PV Total 
cost (£) 

0 563,529 563,529 0 0 563,529 

1 563,529 544,472 1,669 1,613 546,085 

2 563,529 526,060 3,338 3,116 529,176 

3 563,529 508,271 5,007 4,516 512,787 

4 563,529 491,083 6,676 5,818 496,901 

5 563,529 474,476 8,345 7,026 481,503 

6 563,529 458,431 10,014 8,146 466,578 

7 563,529 442,929 11,683 9,183 452,111 

8 563,529 427,950 13,352 10,140 438,090 

9 563,529 413,479 15,021 11,021 424,500 

10 563,529 399,496 16,690 11,832 411,328 

11 563,529 385,987 18,359 12,575 398,562 

12 563,529 372,934 20,028 13,254 386,188 

13 563,529 360,323 21,697 13,873 374,196 

14 563,529 348,138 23,366 14,435 362,573 

15 563,529 336,365 25,035 14,943 351,308 

16 563,529 324,991 26,704 15,400 340,391 

17 563,529 314,000 28,373 15,810 329,810 

18 563,529 303,382 30,042 16,173 319,556 

19 563,529 293,123 31,711 16,495 309,617 

20 563,529 283,210 33,380 16,776 299,986 

21 563,529 273,633 35,049 17,019 290,652 

22 563,529 264,380 36,718 17,226 281,606 

23 563,529 255,440 38,387 17,400 272,840 

24 563,529 246,802 40,056 17,543 264,344 

25 563,529 238,456 41,725 17,656 256,111 

26 563,529 230,392 43,394 17,741 248,133 

27 563,529 222,601 45,063 17,800 240,401 

28 563,529 215,073 46,732 17,835 232,909 

29 563,529 207,800 48,401 17,848 225,648 

30 563,529 200,773 50,070 17,839 218,612 

31 563,529 193,984 51,739 17,810 211,794 

32 563,529 187,424 53,408 17,763 205,187 

33 563,529 181,086 55,077 17,699 198,785 

34 563,529 174,962 56,746 17,618 192,581 

  £11,665,436  £468,942 £12,134,378 

 
Urban creep area affected: 58.4ha 

Total CAPEX: £33.75/m2×(58.4×10,000m2/ha)=£19,710,000 
CAPEX annuity: £19,710,000÷35=£563,529 

OPEX annuity: £0.1/m2×(58.4ha×10,000m2/ha)÷35=£1,669 
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Table C.4: Whole life cost calculation for SCC (Austerity) 

Year 
Capital 
cost (£) 

PV capital 
cost (£) 

O&M 
cost(£) 

PV O&M 
cost (£) 

PV Total 
cost (£) 

0 675,964 675,964 0 0 675,964 

1 675,964 653,105 2,003 1,935 655,041 

2 675,964 631,020 4,006 3,740 634,759 

3 675,964 609,681 6,009 5,420 615,101 

4 675,964 589,064 8,012 6,982 596,046 

5 675,964 569,144 10,015 8,432 577,576 

6 675,964 549,897 12,018 9,777 559,674 

7 675,964 531,302 14,021 11,020 542,322 

8 675,964 513,335 16,024 12,169 525,504 

9 675,964 495,976 18,027 13,227 509,203 

10 675,964 479,204 20,030 14,200 493,403 

11 675,964 462,999 22,033 15,091 478,090 

12 675,964 447,342 24,036 15,907 463,248 

13 675,964 432,214 26,039 16,649 448,864 

14 675,964 417,598 28,042 17,324 434,922 

15 675,964 403,477 30,045 17,934 421,410 

16 675,964 389,832 32,048 18,482 408,315 

17 675,964 376,650 34,051 18,973 395,623 

18 675,964 363,913 36,054 19,410 383,323 

19 675,964 351,607 38,057 19,796 371,402 

20 675,964 339,716 40,060 20,133 359,849 

21 675,964 328,228 42,063 20,425 348,653 

22 675,964 317,129 44,066 20,674 337,803 

23 675,964 306,405 46,069 20,882 327,287 

24 675,964 296,043 48,072 21,053 317,097 

25 675,964 286,032 50,075 21,189 307,221 

26 675,964 276,360 52,078 21,291 297,651 

27 675,964 267,014 54,081 21,363 288,377 

28 675,964 257,985 56,084 21,405 279,389 

29 675,964 249,260 58,087 21,419 270,680 

30 675,964 240,831 60,090 21,409 262,240 

31 675,964 232,687 62,093 21,374 254,062 

32 675,964 224,819 64,096 21,318 246,136 

33 675,964 217,216 66,099 21,240 238,457 

34 675,964 209,871 68,102 21,144 231,015 

  £13,992,917  £562,787 £14,555,704 

 
Urban creep area affected: 70.1ha 

Total CAPEX: £33.75/m2×(70.1×10,000m2/ha)=£23,658,750 
CAPEX annuity: £23,658,750÷35=£675,964 

OPEX annuity: £0.1/m2×(70.1ha×10,000m2/ha)÷35=£2,003 
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Table C.5: Whole life cost calculation for SCC (Lifestyles) 

Year 
Capital 
cost (£) 

PV capital 
cost (£) 

O&M 
cost(£) 

PV O&M 
cost (£) 

PV Total 
cost (£) 

0 281,571 281,571 0 0 281,571 

1 281,571 272,049 834 806 272,855 

2 281,571 262,850 1,668 1,557 264,407 

3 281,571 253,961 2,502 2,257 256,218 

4 281,571 245,373 3,336 2,907 248,280 

5 281,571 237,075 4,170 3,511 240,586 

6 281,571 229,058 5,004 4,071 233,129 

7 281,571 221,312 5,838 4,589 225,901 

8 281,571 213,828 6,672 5,067 218,895 

9 281,571 206,597 7,506 5,507 212,105 

10 281,571 199,611 8,340 5,912 205,523 

11 281,571 192,861 9,174 6,284 199,145 

12 281,571 186,339 10,008 6,623 192,962 

13 281,571 180,038 10,842 6,932 186,970 

14 281,571 173,949 11,676 7,213 181,163 

15 281,571 168,067 12,510 7,467 175,534 

16 281,571 162,384 13,344 7,696 170,079 

17 281,571 156,892 14,178 7,900 164,792 

18 281,571 151,587 15,012 8,082 159,669 

19 281,571 146,461 15,846 8,242 154,703 

20 281,571 141,508 16,680 8,383 149,891 

21 281,571 136,723 17,514 8,504 145,227 

22 281,571 132,099 18,348 8,608 140,707 

23 281,571 127,632 19,182 8,695 136,327 

24 281,571 123,316 20,016 8,766 132,082 

25 281,571 119,146 20,850 8,823 127,969 

26 281,571 115,117 21,684 8,865 123,982 

27 281,571 111,224 22,518 8,895 120,119 

28 281,571 107,463 23,352 8,912 116,375 

29 281,571 103,829 24,186 8,919 112,747 

30 281,571 100,318 25,020 8,914 109,232 

31 281,571 96,925 25,854 8,900 105,825 

32 281,571 93,648 26,688 8,876 102,524 

33 281,571 90,481 27,522 8,844 99,325 

34 281,571 87,421 28,356 8,804 96,225 

  £5,828,712  £234,331 £6,063,043 

 
Urban creep area affected: 29.2ha 

Total CAPEX: £33.75/m2×(29.2×10,000m2/ha)=£9,855,000 
CAPEX annuity: £9,855,000÷35=£281,571 

OPEX annuity: £0.1/m2×(29.2ha×10,000m2/ha)÷35=£834 
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Table C.6: Whole life cost calculation for SCR 

Year 
Capital 
cost (£) 

PV capital 
cost (£) 

O&M 
cost (£) 

PV O&M 
cost (£) 

PV Total 
cost (£) 

0 368,610 368,610 0 0 368,610 

1 368,610 356,145 7,371 7,122 363,267 

2 368,610 344,101 14,742 13,762 357,863 

3 368,610 332,465 22,113 19,945 352,410 

4 368,610 321,222 29,484 25,694 346,916 

5 368,610 310,360 36,855 31,031 341,391 

6 368,610 299,864 44,226 35,978 335,842 

7 368,610 289,724 51,597 40,555 330,279 

8 368,610 279,927 58,968 44,781 324,708 

9 368,610 270,461 66,339 48,675 319,136 

10 368,610 261,315 73,710 52,254 313,569 

11 368,610 252,478 81,081 55,536 308,014 

12 368,610 243,940 88,452 58,536 302,476 

13 368,610 235,691 95,823 61,270 296,960 

14 368,610 227,721 103,194 63,751 291,472 

15 368,610 220,020 110,565 65,995 286,015 

16 368,610 212,580 117,936 68,014 280,594 

17 368,610 205,391 125,307 69,822 275,212 

18 368,610 198,445 132,678 71,429 269,874 

19 368,610 191,735 140,049 72,847 264,582 

20 368,610 185,251 147,420 74,088 259,339 

21 368,610 178,986 154,791 75,162 254,148 

22 368,610 172,934 162,162 76,078 249,012 

23 368,610 167,086 169,533 76,847 243,932 

24 368,610 161,435 176,904 77,476 238,912 

25 368,610 155,976 184,275 77,975 233,952 

26 368,610 150,702 191,646 78,352 229,054 

27 368,610 145,605 199,017 78,614 224,220 

28 368,610 140,682 206,388 78,769 219,450 

29 368,610 135,924 213,759 78,823 214,747 

30 368,610 131,328 221,130 78,784 210,112 

31 368,610 126,887 228,501 78,657 205,544 

32 368,610 122,596 235,872 78,449 201,044 

33 368,610 118,450 243,243 78,164 196,615 

34 368,610 114,445 250,614 77,810 192,254 

  £7,630,479  £2,071,045 £9,701,524 

 

Roof area disconnected: 0.34×(758.9×10,000m2/ha)=2,580,260m2 

Total CAPEX: £5/30m2×(2,580,260m2)=£12,901,350 

CAPEX annuity: £12,901,350÷35=£368,610 

OPEX annuity: £0.1/m2×(2,580,260m2)÷35=£7,371 
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Table C.7: Whole life cost calculation for SCP 

Year 
Capital 
cost (£) 

PV capital 
cost (£) 

O&M 
cost (£) 

PV O&M 
cost (£) 

PV Total 
cost (£) 

0 567,187 567,187 0 0 567,187 

1 567,187 548,007 10,101 9,759 557,766 

2 567,187 529,475 20,202 18,859 548,334 

3 567,187 511,570 30,303 27,332 538,902 

4 567,187 494,271 40,404 35,210 529,480 

5 567,187 477,556 50,505 42,524 520,080 

6 567,187 461,407 60,606 49,303 510,710 

7 567,187 445,804 70,707 55,575 501,379 

8 567,187 430,728 80,808 61,367 492,095 

9 567,187 416,163 90,909 66,703 482,865 

10 567,187 402,090 101,010 71,608 473,697 

11 567,187 388,492 111,111 76,105 464,597 

12 567,187 375,355 121,212 80,216 455,571 

13 567,187 362,662 131,313 83,962 446,624 

14 567,187 350,398 141,414 87,363 437,761 

15 567,187 338,549 151,515 90,438 428,986 

16 567,187 327,100 161,616 93,205 420,305 

17 567,187 316,039 171,717 95,681 411,720 

18 567,187 305,351 181,818 97,884 403,235 

19 567,187 295,026 191,919 99,828 394,853 

20 567,187 285,049 202,020 101,528 386,577 

21 567,187 275,410 212,121 103,000 378,409 

22 567,187 266,096 222,222 104,256 370,352 

23 567,187 257,098 232,323 105,309 362,406 

24 567,187 248,404 242,424 106,171 354,575 

25 567,187 240,003 252,525 106,855 346,859 

26 567,187 231,887 262,626 107,371 339,259 

27 567,187 224,046 272,727 107,731 331,776 

28 567,187 216,469 282,828 107,943 324,412 

29 567,187 209,149 292,929 108,017 317,166 

30 567,187 202,076 303,030 107,963 310,040 

31 567,187 195,243 313,131 107,789 303,032 

32 567,187 188,641 323,232 107,504 296,144 

33 567,187 182,261 333,333 107,114 289,376 

34 567,187 176,098 343,434 106,628 282,726 

  £11,741,159  £2,071,045 £13,812,204 

Road area disconnected: 0.215×(758.9×10,000m2/ha)=1,631,635m2 

Bioretention areas: 1,631,635m2÷6m2/m2bioretention=271,939m2 bioretention 
 

Total CAPEX: £73/m2bioretention×(271,939m2 bioretention)=£19,851,547 
CAPEX annuity: £19,851,547÷35=£567,187 

OPEX annuity: £1.3/m2×(271,939m2 )÷35=£10,100 
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Table C.8: Whole life cost calculation for CST 

Year 
Capital 
cost (£) 

PV capital 
cost (£) 

O&M 
cost (£) 

PV O&M 
cost (£) 

PV Total 
cost (£) 

0 1,034,286 1,034,286 0 0 1,034,286 

1 1,034,286 999,310 0 0 999,310 

2 1,034,286 965,517 0 0 965,517 

3 1,034,286 932,867 0 0 932,867 

4 1,034,286 901,320 0 0 901,320 

5 1,034,286 870,841 0 0 870,841 

6 1,034,286 841,392 0 0 841,392 

7 1,034,286 812,939 0 0 812,939 

8 1,034,286 785,449 0 0 785,449 

9 1,034,286 758,888 0 0 758,888 

10 1,034,286 733,225 0 0 733,225 

11 1,034,286 708,430 0 0 708,430 

12 1,034,286 684,473 0 0 684,473 

13 1,034,286 661,327 0 0 661,327 

14 1,034,286 638,963 0 0 638,963 

15 1,034,286 617,356 0 0 617,356 

16 1,034,286 596,479 0 0 596,479 

17 1,034,286 576,308 0 0 576,308 

18 1,034,286 556,819 0 0 556,819 

19 1,034,286 537,990 0 0 537,990 

20 1,034,286 519,797 0 0 519,797 

21 1,034,286 502,219 0 0 502,219 

22 1,034,286 485,236 0 0 485,236 

23 1,034,286 468,827 0 0 468,827 

24 1,034,286 452,973 0 0 452,973 

25 1,034,286 437,655 0 0 437,655 

26 1,034,286 422,855 0 0 422,855 

27 1,034,286 408,556 0 0 408,556 

28 1,034,286 394,740 0 0 394,740 

29 1,034,286 381,391 0 0 381,391 

30 1,034,286 368,494 0 0 368,494 

31 1,034,286 356,033 0 0 356,033 

32 1,034,286 343,993 0 0 343,993 

33 1,034,286 332,360 0 0 332,360 

34 1,034,286 321,121 0 0 321,121 

  £21,410,428  £0 £21,410,428 

 
CAPEX pipes: £1,830/m×(6,200m)=£8,556,000 

CAPEX storage: £553/m3×(50,000m3)=£27,650,000 
Total CAPEX: £8,556,000+£27,650,000=£36,206,000 

CAPEX annuity: £36,206,000÷35=£1,034,286 
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Table C.9: Whole life cost calculation for CS 

Year 
Capital 
cost (£) 

PV capital 
cost (£) 

O&M 
cost (£) 

PV O&M 
cost (£) 

PV Total 
cost (£) 

0 244,457 244,457 0 0 244,457 

1 244,457 236,190 0 0 236,190 

2 244,457 228,203 0 0 228,203 

3 244,457 220,486 0 0 220,486 

4 244,457 213,030 0 0 213,030 

5 244,457 205,826 0 0 205,826 

6 244,457 198,866 0 0 198,866 

7 244,457 192,141 0 0 192,141 

8 244,457 185,643 0 0 185,643 

9 244,457 179,366 0 0 179,366 

10 244,457 173,300 0 0 173,300 

11 244,457 167,440 0 0 167,440 

12 244,457 161,778 0 0 161,778 

13 244,457 156,307 0 0 156,307 

14 244,457 151,021 0 0 151,021 

15 244,457 145,914 0 0 145,914 

16 244,457 140,980 0 0 140,980 

17 244,457 136,212 0 0 136,212 

18 244,457 131,606 0 0 131,606 

19 244,457 127,156 0 0 127,156 

20 244,457 122,856 0 0 122,856 

21 244,457 118,701 0 0 118,701 

22 244,457 114,687 0 0 114,687 

23 244,457 110,809 0 0 110,809 

24 244,457 107,062 0 0 107,062 

25 244,457 103,441 0 0 103,441 

26 244,457 99,943 0 0 99,943 

27 244,457 96,564 0 0 96,564 

28 244,457 93,298 0 0 93,298 

29 244,457 90,143 0 0 90,143 

30 244,457 87,095 0 0 87,095 

31 244,457 84,150 0 0 84,150 

32 244,457 81,304 0 0 81,304 

33 244,457 78,554 0 0 78,554 

34 244,457 75,898 0 0 75,898 

  £5,060,427  £0 £5,060,427 

 
 

Total CAPEX: £1,830/m×(6,200m)=£8,556,000 
CAPEX annuity: £8,556,000÷35=£244,457 
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Table C.10: Whole life cost calculation for SS 

Year 
Capital 
cost (£) 

PV capital 
cost (£) 

O&M 
cost(£) 

PV O&M 
cost (£) 

PV Total 
cost (£) 

0 857,142 857,142 0 0 857,142 

1 857,142 828,157 0 0 828,157 

2 857,142 800,151 0 0 800,151 

3 857,142 773,093 0 0 773,093 

4 857,142 746,950 0 0 746,950 

5 857,142 721,691 0 0 721,691 

6 857,142 697,286 0 0 697,286 

7 857,142 673,706 0 0 673,706 

8 857,142 650,924 0 0 650,924 

9 857,142 628,912 0 0 628,912 

10 857,142 607,644 0 0 607,644 

11 857,142 587,096 0 0 587,096 

12 857,142 567,242 0 0 567,242 

13 857,142 548,060 0 0 548,060 

14 857,142 529,527 0 0 529,527 

15 857,142 511,620 0 0 511,620 

16 857,142 494,319 0 0 494,319 

17 857,142 477,603 0 0 477,603 

18 857,142 461,452 0 0 461,452 

19 857,142 445,847 0 0 445,847 

20 857,142 430,770 0 0 430,770 

21 857,142 416,203 0 0 416,203 

22 857,142 402,129 0 0 402,129 

23 857,142 388,530 0 0 388,530 

24 857,142 375,391 0 0 375,391 

25 857,142 362,697 0 0 362,697 

26 857,142 350,432 0 0 350,432 

27 857,142 338,582 0 0 338,582 

28 857,142 327,132 0 0 327,132 

29 857,142 316,070 0 0 316,070 

30 857,142 305,381 0 0 305,381 

31 857,142 295,054 0 0 295,054 

32 857,142 285,077 0 0 285,077 

33 857,142 275,436 0 0 275,436 

34 857,142 266,122 0 0 266,122 

  £17,743,426  £0 £17,743,426 

 
 

Total CAPEX: £30,000,000 
CAPEX annuity: £30,000,000÷35=£857,142 
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Table C.11: Whole life cost calculation for OT (Markets) 

Year 
Capital 
cost (£) 

PV capital 
cost (£) 

O&M 
cost (£) 

PV O&M 
cost (£) 

PV Total 
cost (£) 

0 321,429 321,429 0 0 321,429 

1 321,429 310,559 11,290 10,908 321,468 

2 321,429 300,057 22,580 21,079 321,136 

3 321,429 289,911 33,870 30,549 320,459 

4 321,429 280,107 45,160 39,354 319,461 

5 321,429 270,635 56,450 47,529 318,164 

6 321,429 261,483 67,740 55,107 316,589 

7 321,429 252,640 79,030 62,117 314,757 

8 321,429 244,097 90,320 68,590 312,687 

9 321,429 235,842 101,610 74,554 310,397 

10 321,429 227,867 112,900 80,037 307,904 

11 321,429 220,161 124,190 85,063 305,225 

12 321,429 212,716 135,480 89,658 302,375 

13 321,429 205,523 146,770 93,845 299,368 

14 321,429 198,573 158,060 97,647 296,220 

15 321,429 191,858 169,350 101,083 292,941 

16 321,429 185,370 180,640 104,176 289,546 

17 321,429 179,101 191,930 106,944 286,046 

18 321,429 173,045 203,220 109,406 282,451 

19 321,429 167,193 214,510 111,579 278,772 

20 321,429 161,539 225,800 113,479 275,019 

21 321,429 156,077 237,090 115,124 271,201 

22 321,429 150,799 248,380 116,528 267,326 

23 321,429 145,699 259,670 117,705 263,404 

24 321,429 140,772 270,960 118,669 259,441 

25 321,429 136,012 282,250 119,433 255,445 

26 321,429 131,412 293,540 120,010 251,422 

27 321,429 126,968 304,830 120,412 247,380 

28 321,429 122,675 316,120 120,649 243,323 

29 321,429 118,526 327,410 120,732 239,258 

30 321,429 114,518 338,700 120,671 235,190 

31 321,429 110,646 349,990 120,477 231,123 

32 321,429 106,904 361,280 120,158 227,062 

33 321,429 103,289 372,570 119,723 223,012 

34 321,429 99,796 383,860 119,179 218,975 

  £6,653,800  £3,172,175 £9,825,975 

Properties affected: .5×(properties
2050

- properties
2015

)=0.5×(102,232 – 68,301)=16,969 

Disconnected population: 16,969properties×2.4 inhab/property=40,726 inhab. 

Disconnected wastewater: 40,726 inhab.×165L/inhab/day=6,720m3/day 
Total CAPEX: £6.63m/10,000properties×16,969properties=£11.25m 

CAPEX annuity: £11,250,000÷35=£321,429 

OPEX annuity:[£300/kgBOD/day×(6,720m3/day)×0.196kgBOD/m3]÷35=£11,290 
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Table C.12: Whole life cost calculation for OT (Innovation) 

Year 
Capital 
cost (£) 

PV capital 
cost (£) 

O&M 
cost (£) 

PV O&M 
cost (£) 

PV Total 
cost (£) 

0 250,000 250,000 0 0 250,000 

1 250,000 241,546 6,651 6,426 247,972 

2 250,000 233,378 13,302 12,418 245,795 

3 250,000 225,486 19,953 17,996 243,482 

4 250,000 217,861 26,604 23,184 241,044 

5 250,000 210,493 33,255 28,000 238,493 

6 250,000 203,375 39,906 32,464 235,839 

7 250,000 196,498 46,557 36,593 233,091 

8 250,000 189,853 53,208 40,407 230,260 

9 250,000 183,433 59,859 43,920 227,353 

10 250,000 177,230 66,510 47,150 224,380 

11 250,000 171,236 73,161 50,111 221,348 

12 250,000 165,446 79,812 52,818 218,264 

13 250,000 159,851 86,463 55,285 215,136 

14 250,000 154,445 93,114 57,524 211,970 

15 250,000 149,223 99,765 59,549 208,771 

16 250,000 144,176 106,416 61,371 205,547 

17 250,000 139,301 113,067 63,001 202,302 

18 250,000 134,590 119,718 64,452 199,042 

19 250,000 130,039 126,369 65,732 195,770 

20 250,000 125,641 133,020 66,851 192,493 

21 250,000 121,393 139,671 67,820 189,213 

22 250,000 117,288 146,322 68,647 185,935 

23 250,000 113,321 152,973 69,340 182,662 

24 250,000 109,489 159,624 69,908 179,398 

25 250,000 105,787 166,275 70,359 176,146 

26 250,000 102,209 172,926 70,699 172,908 

27 250,000 98,753 179,577 70,935 169,688 

28 250,000 95,414 186,228 71,075 166,488 

29 250,000 92,187 192,879 71,124 163,311 

30 250,000 89,070 199,530 71,088 160,158 

31 250,000 86,058 206,181 70,974 157,031 

32 250,000 83,147 212,832 70,786 153,933 

33 250,000 80,336 219,483 70,529 150,865 

34 250,000 77,619 226,134 70,209 147,828 

  £5,175,171  £1,868,745 £7,043,916 

Properties affected: .5×(properties
2050

- properties
2015

)=0.5×(94,697 – 68,301)=13,198 

Disconnected population: 13,198properties×2.4 inhab/property=31,675 inhab. 

Disconnected wastewater: 31,675 inhab.×125L/inhab/day=3,959m3/day 
Total CAPEX: £6.63m/10,000properties×13,198properties=£8.75m 

CAPEX annuity: £8,750,000÷35=£250,000 

OPEX annuity:[£300/kgBOD/day×(3,959m3/day)×0.196kgBOD/m3]÷35=£6,651 
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Table C.13: Whole life cost calculation for OT (Austerity) 

Year 
Capital 
cost (£) 

PV capital 
cost (£) 

O&M 
cost (£) 

PV O&M 
cost (£) 

PV Total 
cost (£) 

0 142,857 142,857 0 0 142,857 

1 142,857 138,026 4,257 4,113 142,139 

2 142,857 133,359 8,514 7,948 141,306 

3 142,857 128,849 12,771 11,519 140,368 

4 142,857 124,492 17,028 14,839 139,331 

5 142,857 120,282 21,285 17,921 138,203 

6 142,857 116,214 25,542 20,778 136,993 

7 142,857 112,284 29,799 23,422 135,706 

8 142,857 108,487 34,056 25,863 134,350 

9 142,857 104,819 38,313 28,111 132,930 

10 142,857 101,274 42,570 30,179 131,453 

11 142,857 97,849 46,827 32,074 129,923 

12 142,857 94,540 51,084 33,807 128,347 

13 142,857 91,343 55,341 35,385 126,729 

14 142,857 88,254 59,598 36,819 125,073 

15 142,857 85,270 63,855 38,114 123,384 

16 142,857 82,386 68,112 39,281 121,667 

17 142,857 79,600 72,369 40,324 119,925 

18 142,857 76,909 76,626 41,252 118,161 

19 142,857 74,308 80,883 42,072 116,380 

20 142,857 71,795 85,140 42,788 114,584 

21 142,857 69,367 89,397 43,409 112,776 

22 142,857 67,021 93,654 43,938 110,959 

23 142,857 64,755 97,911 44,382 109,137 

24 142,857 62,565 102,168 44,745 107,310 

25 142,857 60,450 106,425 45,033 105,483 

26 142,857 58,405 110,682 45,251 103,656 

27 142,857 56,430 114,939 45,402 101,833 

28 142,857 54,522 119,196 45,492 100,014 

29 142,857 52,678 123,453 45,523 98,201 

30 142,857 50,897 127,710 45,500 96,397 

31 142,857 49,176 131,967 45,427 94,603 

32 142,857 47,513 136,224 45,307 92,819 

33 142,857 45,906 140,481 45,143 91,049 

34 142,857 44,354 144,738 44,938 89,291 

  £2,957,238  £1,196,098 £4,153,336 

Properties affected: .5×(properties
2050

- properties
2015

)=0.5×(83,384 – 68,301)=7,542 

Disconnected population: 7,542properties×2.4 inhab/property=18,101 inhab. 

Disconnected wastewater: 18,101 inhab.×140L/inhab/day=2,534m3/day 
Total CAPEX: £6.63m/10,000properties×7,542properties=£5.0m 

CAPEX annuity: £5,000,000÷35=£142,857 

OPEX annuity:[£300/kgBOD/day×(2,534m3/day)×0.196kgBOD/m3]÷35=£4,257 
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Table C.14: Whole life cost calculation for OT (Lifestyles) 

Year 
Capital 
cost (£) 

PV capital 
cost (£) 

O&M 
cost (£) 

PV O&M 
cost (£) 

PV Total 
cost (£) 

0 178,571 178,571 0 0 178,571 

1 178,571 172,532 4,182 4,041 176,573 

2 178,571 166,698 8,364 7,808 174,506 

3 178,571 161,061 12,546 11,316 172,377 

4 178,571 155,614 16,728 14,577 170,192 

5 178,571 150,352 20,910 17,606 167,958 

6 178,571 145,268 25,092 20,412 165,680 

7 178,571 140,355 29,274 23,009 163,364 

8 178,571 135,609 33,456 25,407 161,016 

9 178,571 131,023 37,638 27,616 158,639 

10 178,571 126,592 41,820 29,647 156,239 

11 178,571 122,311 46,002 31,509 153,820 

12 178,571 118,175 50,184 33,211 151,386 

13 178,571 114,179 54,366 34,762 148,941 

14 178,571 110,318 58,548 36,170 146,488 

15 178,571 106,587 62,730 37,443 144,030 

16 178,571 102,983 66,912 38,589 141,571 

17 178,571 99,500 71,094 39,614 139,114 

18 178,571 96,136 75,276 40,526 136,661 

19 178,571 92,885 79,458 41,331 134,215 

20 178,571 89,744 83,640 42,035 131,778 

21 178,571 86,709 87,822 42,644 129,353 

22 178,571 83,777 92,004 43,164 126,940 

23 178,571 80,944 96,186 43,600 124,543 

24 178,571 78,206 100,368 43,957 122,163 

25 178,571 75,562 104,550 44,240 119,802 

26 178,571 73,007 108,732 44,454 117,460 

27 178,571 70,538 112,914 44,602 115,140 

28 178,571 68,152 117,096 44,690 112,843 

29 178,571 65,848 121,278 44,721 110,569 

30 178,571 63,621 125,460 44,699 108,320 

31 178,571 61,470 129,642 44,627 106,096 

32 178,571 59,391 133,824 44,508 103,899 

33 178,571 57,382 138,006 44,347 101,730 

34 178,571 55,442 142,188 44,146 99,588 

  £3,696,542  £1,175,025 £4,871,567 

Properties affected: .5×(properties
2050

- properties
2015

)=0.5×(87,155 – 68,301)=9,427 

Disconnected population: 9,427properties×2.4 inhab/property=22,625 inhab. 

Disconnected wastewater: 22,625 inhab.×110L/inhab/day=2,489m3/day 
Total CAPEX: £6.63m/10,000properties×9,427properties=£6.25m 

CAPEX annuity: £6,250,000÷35=£178,571 

OPEX annuity:[£300/kgBOD/day×(2,489m3/day)×0.196kgBOD/m3]÷35=£4,182 
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APPENDIX D: MODELLING OF THE DURHAM & NEWTON HALL CASE 

 

Figure D.1: General diurnal patterns for residential flows and pollutants applied 

to Durham and Newton Hall catchment. 

 

Table D.1: Trade effluent flows in Durham and Newton Hall 

Source Reference Discharge (m3/s) 

Trade 1 NZ27424901 0.018 

Trade 2 NZ27415610 0.016 

Trade 3 NZ27423701 0.01 

Trade 4 NZ26426602 0.001 

Trade 5 NZ26434004 0.01 

Trade 6 NZ27422402 0.001 

Trade 7 NZ26447307 0.00004 

Total  0.05604 
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Figure D.2: Examples of simulation time series of flow-to-full-treatment (FFT) 

compared against observed data time series. Top graph shows flows for a dry 

period and bottom plot for wet-weather period. 
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Figure D.3: Simulated and observed sewage quality (BOD and Ammonia) at north and south inlets of the WWTP  
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Table D.2: Distribution of population growth across new development sites for 

each future scenario. 

Development site Markets Innovation Austerity Lifestyles 

4/DU/03 53 41 24 30 

4/DU/10 123 96 55 69 

4/DU/16 65 51 29 36 

4/DU/25 198 154 89 111 

4/DU/36 163 127 73 91 

4/DU/44 55 43 25 31 

4/DU/26 138 108 62 77 

4/DU/59 63 49 28 35 

4/DU/78 68 53 31 38 

4/DU/82 300 234 135 168 

11NO22C846 575 449 259 322 

4/DU/117 100 78 45 56 

4/DU/101 5500 4290 2475 3080 

Total 7,401 5,773 3,330 4,144 

 

 

Figure D.4: Data source locations in Durham and Newton Hall (left: urban 

locations; right: upstream locations). 
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Table D.3: Data type (and characteristics) obtained from each location (refer to 

Figure D.4 for locations). 

Location Description Data type 

NZ2652037734 River Wear at Sunderland Bridge River flow (daily mean) 

NZ2874041040 River Wear at Shincliffe River BOD, Ammonia 
(bimonthly samples) 

NZ2731042865 River Wear U/S of WWTP River DO, Temp, pH 
(monthly samples) 

NZ2774043160 South inlet to WWTP Flow (hourly records), 
BOD and Amm (monthly 
samples) 

NZ2776043250 North inlet to WWTP Flow (hourly), BOD and 
Amm (monthly samples) 

NZ2793743261 WWTP effluent discharge point  Flow (15-min records), 
BOD, Amm (bimonthly 
samples) 

NZ2810543665 River Wear D/S of WWTP Channel characteristics 
(elevation, channel slope, 
cross-section) 

NZ259386 River Browney at Burnhall River flow  

 

 

Figure D.5: BGS Infiltration SuDS Map for Durham and Newton Hall. Areas 

considered as very significant constraint to infiltration are indicated in grey. 
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APPENDIX E: RELIABILITY, RESILIENCE AND SUSTAINABILITY RESULTS 

 

Benchmark Case 

Table E.1: Reliability indicator (duration in hours) 

Scenario Strategy 
River 
DO 

River 
AMM 

Health & 
Aesthetics 

River 
Flooding 

Sewer 
Flooding 

Markets 

D-N 457.0 58.0 590.0 124.0 709.4 

SCC 370.0 51.0 540.0 92.0 594.6 

SCR 221.0 39.0 444.0 61.0 288.5 

SCP 305.0 52.0 497.0 77.0 456.9 

OT 298.0 0.0 538.0 116.0 764.9 

SS 267.0 12.0 397.0 106.0 172.9 

CST 218.0 77.0 508.0 66.0 180.9 

Innovation 

D-N 152.0 0.0 442.0 75.0 524.5 

SCC 122.0 0.0 415.0 66.0 435.4 

SCR 53.0 0.0 297.0 42.0 158.0 

SCP 75.0 0.0 355.0 51.0 279.6 

OT 105.0 0.0 343.0 75.0 485.5 

SS 93.0 0.0 254.0 80.0 104.8 

CST 24.0 0.0 399.0 47.0 159.6 

Austerity 

D-N 135.0 0.0 549.0 66.0 917.9 

SCC 113.0 0.0 508.0 55.0 741.8 

SCR 31.0 0.0 389.0 34.0 328.2 

SCP 63.0 0.0 456.0 45.0 490.0 

OT 105.0 0.0 532.0 65.0 899.7 

SS 86.0 0.0 332.0 72.0 209.3 

CST 17.0 0.0 487.0 47.0 172.5 

Lifestyles 

D-N 90.0 0.0 447.0 60.0 603.8 

SCC 76.0 0.0 435.0 54.0 520.7 

SCR 14.0 0.0 288.0 32.0 177.0 

SCP 33.0 0.0 358.0 40.0 312.3 

OT 66.0 0.0 436.0 58.0 573.7 

SS 61.0 0.0 258.0 64.0 123.0 

CST 15.0 0.0 395.0 38.0 137.9 
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Table E.2: Resilience indicators 

Scenario Strategy 
River 
DO 

River 
AMM 

Health & 
Aesthetics 

River 
Flooding 

Sewer 
Flooding 

Markets 

D-N 0.0733 0.0026 3965.8 1230.8 21.9 

SCC 0.0567 0.0021 3049.2 942.5 12.6 

SCR 0.0302 0.0013 1415.6 510.5 3.7 

SCP 0.0464 0.0018 2446.5 785.8 8.2 

OT 0.0422 0.0000 3486.2 1169.4 17.7 

SS 0.0419 0.0002 1000.2 1206.3 1.4 

CST 0.0216 0.0044 1679.6 980.5 2.3 

Innovation 

D-N 0.0192 0.0000 2340.1 750.6 9.8 

SCC 0.0144 0.0000 1936.9 638.2 7.0 

SCR 0.0049 0.0000 660.8 144.8 1.3 

SCP 0.0087 0.0000 1082.7 397.4 3.2 

OT 0.0112 0.0000 1961.6 743.9 10.1 

SS 0.0131 0.0000 471.1 687.6 0.6 

CST 0.0029 0.0000 984.0 504.0 1.5 

Austerity 

D-N 0.0103 0.0000 3500.5 575.2 21.6 

SCC 0.0074 0.0000 2842.9 473.8 15.0 

SCR 0.0020 0.0000 1282.2 195.4 4.0 

SCP 0.0042 0.0000 2084.6 332.1 9.6 

OT 0.0067 0.0000 3299.9 567.8 21.1 

SS 0.0108 0.0000 680.7 604.3 1.8 

CST 0.0024 0.0000 1340.9 476.7 1.9 

Lifestyles 

D-N 0.0065 0.0000 2430.9 558.7 11.7 

SCC 0.0055 0.0000 2266.9 504.8 10.0 

SCR 0.0009 0.0000 603.0 82.4 1.4 

SCP 0.0020 0.0000 1024.7 271.6 3.8 

OT 0.0041 0.0000 2368.9 551.5 11.5 

SS 0.0069 0.0000 461.4 306.1 0.7 

CST 0.0013 0.0000 935.4 337.2 1.5 
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Table E.3: Sustainability indicators 

Scenario Strategy 
River 
DO 

River 
AMM 

Health & 
Aesthetics 

River 
Flooding 

Sewer 
Flooding 

GHG 
Emissions 

PV 
Cost 

Accept. 

Markets 

D-N 1.54 3.85 2,252,630 414,179 1335 2533.6 0.0 1.00 

SCC 1.79 3.80 1,930,390 365,340 984 2527.1 18.2 1.00 

SCR 2.13 3.63 1,278,784 236,427 480 2513.3 9.7 1.00 

SCP 1.98 3.75 1,645,126 310,128 750 2521.6 13.8 1.00 

OT 2.02 2.99 2,107,483 431,104 1238 2217.5 9.8 1.00 

SS 1.79 3.34 988,683 553,895 296 2506.2 17.7 3.00 

CST 2.22 3.93 1,543,170 387,948 562 2603.7 21.4 3.00 

Innovation 

D-N 2.69 2.39 1,736,287 306,261 944 1650.2 0.0 1.00 

SCC 2.69 2.34 1,509,409 262,859 778 1644.0 12.1 2.00 

SCR 2.88 2.13 887,056 127,530 308 1619.8 9.7 2.00 

SCP 2.64 2.25 1,199,188 188,879 510 1632.1 13.8 2.00 

OT 2.94 2.12 1,481,099 303,168 959 1499.7 7.0 2.00 

SS 2.40 2.02 699,358 363,736 204 1611.2 17.7 3.00 

CST 3.21 2.26 1,112,228 219,997 467 1717.8 21.4 3.00 

Austerity 

D-N 2.60 2.68 1,957,465 203,722 1309 2178.1 0.0 1.00 

SCC 2.94 2.63 1,712,178 179,883 1060 2170.8 14.6 3.00 

SCR 3.53 2.41 1,040,685 96,152 484 2149.6 9.7 3.00 

SCP 3.30 2.52 1,356,208 137,397 795 2160.8 13.8 3.00 

OT 2.87 2.46 1,879,858 204,006 1302 2041.8 4.2 3.00 

SS 2.60 2.25 823,230 295,273 317 2140.9 17.7 1.00 

CST 3.16 2.58 1,322,306 214,383 504 2242.9 21.4 1.00 

Lifestyles 

D-N 3.37 2.17 1,625,173 217,053 990 1745.1 0.0 1.00 

SCC 3.43 2.13 1,528,558 198,994 901 1742.3 6.1 3.00 

SCR 3.69 1.91 802,143 76,934 303 1713.0 9.7 3.00 

SCP 3.29 2.02 1,110,311 126,127 517 1726.8 13.8 3.00 

OT 3.45 2.02 1,576,724 216,099 975 1615.7 4.9 3.00 

SS 2.89 1.86 661,488 267,698 216 1707.0 17.7 1.00 

CST 3.59 2.05 1,062,608 164,539 443 1808.0 21.4 1.00 

 Units mg/L mg/L m
3 

m
3
 m

3
 tCO2/year £M - 
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Durham and Newton Hall Case: 

Table E.4: Reliability indicator (duration in hours) 

Scenario Strategy 
River 
BOD 

River 
AMM 

Health & 
Aesthetics 

River 
Flooding 

Sewer 
Flooding 

Markets 

D-N 172.7 94.6 897.5 418.9 35.5 

SCC 170.7 92.8 896.5 418.8 32.0 

GREEN50 169.2 91.8 897.0 418.9 33.5 

GREEN100 165.0 91.1 897.0 417.7 32.5 

OT 169.5 91.8 897.0 418.9 34.5 

SEPARATE 158.7 84.0 897.0 418.9 30.0 

GREY 171.2 93.1 897.5 418.9 33.5 

Innovation 

D-N 151.8 80.2 897.0 418.8 22.0 

SCC 150.5 79.4 896.5 418.8 20.0 

GREEN50 148.8 78.2 897.0 418.8 21.5 

GREEN100 146.0 78.8 897.0 417.6 21.0 

OT 150.2 79.2 897.0 418.8 22.0 

SEPARATE 143.0 74.6 897.0 418.8 21.0 

GREY 150.9 79.6 897.0 418.8 22.0 

Austerity 

D-N 166.3 89.3 897.0 418.8 49.0 

SCC 162.9 89.6 896.5 417.6 43.0 

GREEN50 162.4 86.5 897.0 418.8 44.5 

GREEN100 159.7 84.4 897.0 418.8 43.5 

OT 165.0 88.4 897.0 418.8 48.5 

SEPARATE 153.2 79.9 897.0 418.8 42.5 

GREY 163.8 87.4 897.0 418.8 45.0 

Lifestyles 

D-N 153.5 81.0 897.0 418.8 30.0 

SCC 151.7 82.0 896.5 417.6 28.5 

GREEN50 151.0 79.2 897.0 418.7 28.5 

GREEN100 148.2 77.4 897.0 418.7 27.5 

OT 152.2 80.2 897.0 418.8 30.0 

SEPARATE 144.7 75.3 897.0 418.8 27.5 

GREY 152.2 80.3 897.0 418.8 29.5 
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Table E.5: Resilience indicators 

Scenario Strategy 
River 
BOD 

River 
AMM 

Health & 
Aesthetics 

River 
Flooding 

Sewer 
Flooding 

Markets 

D-N 0.0405 0.0045 528.1 1768.3 1.271 

SCC 0.0388 0.0043 473.8 1768.2 0.990 

GREEN50 0.0378 0.0043 462.8 1768.2 0.939 

GREEN100 0.0350 0.0042 391.8 1750.9 0.810 

OT 0.0373 0.0042 506.4 1768.3 1.082 

SEPARATE 0.0314 0.0037 351.3 1768.4 0.653 

GREY 0.0390 0.0044 526.0 1768.3 0.807 

Innovation 

D-N 0.0290 0.0035 394.7 1768.1 0.300 

SCC 0.0285 0.0035 354.9 1768.0 0.204 

GREEN50 0.0279 0.0034 328.2 1768.0 0.223 

GREEN100 0.0274 0.0035 278.3 1750.3 0.199 

OT 0.0283 0.0034 384.0 1768.0 0.299 

SEPARATE 0.0256 0.0032 261.8 1768.2 0.187 

GREY 0.0288 0.0035 400.3 1768.1 0.201 

Austerity 

D-N 0.0349 0.0040 499.6 1768.0 1.467 

SCC 0.0336 0.0040 449.8 1750.5 0.976 

GREEN50 0.0327 0.0038 420.7 1768.0 0.805 

GREEN100 0.0314 0.0037 367.5 1767.9 0.600 

OT 0.0340 0.0039 489.2 1768.0 1.373 

SEPARATE 0.0279 0.0034 332.2 1768.1 0.421 

GREY 0.0330 0.0038 483.9 1768.0 0.549 

Lifestyles 

D-N 0.0292 0.0035 393.8 1768.0 0.409 

SCC 0.0289 0.0036 370.6 1750.1 0.344 

GREEN50 0.0280 0.0034 330.6 1767.9 0.252 

GREEN100 0.0268 0.0033 275.5 1767.9 0.212 

OT 0.0283 0.0034 385.3 1767.9 0.404 

SEPARATE 0.0256 0.0032 267.9 1768.1 0.176 

GREY 0.0285 0.0035 395.0 1768.0 0.226 
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Table E.6: Sustainability indicators 

Scenario Strategy 
River 
BOD 

River 
AMM 

Health & 
Aesthetics 

River 
Flooding 

Sewer 
Flooding 

GHG 
Emissions 

PV 
Cost 

Accept. 

Markets 

D-N 7.35 0.84 299,543 27,918.8 5897 500.1 0.0 1.00 

SCC 7.31 0.84 266,617 27,917.2 4664 499.3 3.5 1.00 

GREEN50 7.28 0.83 260,730 27,917.8 4667 499.1 1.0 1.00 

GREEN100 7.18 0.83 224,141 27,796.3 4160 498.1 2.0 1.00 

OT 7.27 0.83 289,543 27,918.5 5580 478.4 14.7 1.00 

SEPARATE 7.03 0.80 207,346 27,919.6 3833 496.2 7.5 3.00 

GREY 7.31 0.84 299,690 27,918.8 4141 500.0 5.8 3.00 

Innovation 

D-N 6.94 0.78 232,829 27,915.0 1998 372.8 0.0 1.00 

SCC 6.90 0.78 210,745 27,914.0 1587 371.9 2.4 2.00 

GREEN50 6.89 0.77 197,355 27,914.2 1542 371.1 1.0 2.00 

GREEN100 6.86 0.78 168,691 27,792.8 1389 369.3 2.0 2.00 

OT 6.90 0.77 227,555 27,914.9 1994 359.1 11.4 2.00 

SEPARATE 6.76 0.75 162,255 27,916.5 1310 366.9 7.5 3.00 

GREY 6.91 0.78 237,106 27,915.2 1407 371.2 5.8 3.00 

Austerity 

D-N 7.18 0.82 289,392 27,914.6 5414 479.8 0.0 1.00 

SCC 7.14 0.82 262,021 27,792.8 4080 479.8 2.8 3.00 

GREEN50 7.10 0.80 247,424 27,913.6 3395 478.6 1.0 3.00 

GREEN100 7.04 0.80 215,358 27,912.8 2563 477.5 2.0 3.00 

OT 7.15 0.81 284,533 27,914.5 5242 471.6 6.6 3.00 

SEPARATE 6.90 0.78 202,417 27,915.7 1998 475.1 7.5 1.00 

GREY 7.11 0.81 285,813 27,914.6 2381 468.8 5.8 1.00 

Lifestyles 

D-N 6.95 0.78 233,401 27,913.4 2169 402.6 0.0 1.00 

SCC 6.93 0.79 221,662 27,792.2 1888 402.4 1.2 3.00 

GREEN50 6.89 0.77 198,941 27,912.6 1414 401.3 1.0 3.00 

GREEN100 6.84 0.77 168,770 27,911.8 1198 399.7 2.0 3.00 

OT 6.92 0.78 229,687 27,913.4 2150 394.4 8.2 3.00 

SEPARATE 6.77 0.76 166,356 27,915.0 1002 397.5 7.5 1.00 

GREY 6.93 0.78 236,787 27,913.6 1223 396.8 5.8 1.00 

 Units mg/L mg/L m
3 

×10
3
 m

3
 m

3
 tCO2/year £M - 
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APPENDIX F: WEIGHTED REGRETS BY OBJECTIVE 

 

Figures F.1-F.3: Scenario and robustness indexes for reliability, resilience and 

sustainability for the benchmark case study. 

Figures F.4-F.6: Scenario and robustness indexes for reliability, resilience and 

sustainability for the benchmark case study under maintenance failure. 

Figures F.7-F9: Scenario and robustness indexes for reliability, resilience and 

sustainability for the Durham & Newton Hall case study. 

Figures F.10-F.12: Scenario and robustness indexes for reliability, resilience 

and sustainability for the Durham & Newton Hall case study under maintenance 

failure. 
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Figure F.1: Performance regrets of 𝑅𝑒𝑙(𝑠, 𝑓) and 𝑅𝑜𝑏𝑅𝑒𝑙(𝑠) for strategies. 
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Figure F.1 (cont.): Performance regrets of 𝑅𝑒𝑙(𝑠, 𝑓) and 𝑅𝑜𝑏𝑅𝑒𝑙(𝑠) for strategies. 

 

 

 

 



 

314 

 

Figure F.2: Performance regrets of 𝑅𝑒𝑠(𝑠, 𝑓) and 𝑅𝑜𝑏𝑅𝑒𝑠(𝑠) for strategies. 
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Figure F.2 (cont.): Performance regrets of 𝑅𝑒𝑠(𝑠, 𝑓)  and 𝑅𝑜𝑏𝑅𝑒𝑠(𝑠)  for 

strategies. 
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Figure F.3: Performance regrets of 𝑆𝑢𝑠(𝑠, 𝑓) and 𝑅𝑜𝑏𝑆𝑢𝑠(𝑠) for strategies. 
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Figure F.3 (cont.): Performance regrets of 𝑆𝑢𝑠(𝑠, 𝑓)  and 𝑅𝑜𝑏𝑆𝑢𝑠(𝑠)  for 

strategies. 
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Figure F.4: Performance regrets of 𝑅𝑒𝑙(𝑠, 𝑓) and 𝑅𝑜𝑏𝑅𝑒𝑙(𝑠) with failure. 
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Figure F.4 (cont.): Performance regrets of 𝑅𝑒𝑙(𝑠, 𝑓) and 𝑅𝑜𝑏𝑅𝑒𝑙(𝑠) with failure. 
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Figure F.5: Performance regrets of 𝑅𝑒𝑠(𝑠, 𝑓) and 𝑅𝑜𝑏𝑅𝑒𝑠(𝑠) with failure. 
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Figure F.5 (cont.): Performance regrets of 𝑅𝑒𝑠(𝑠, 𝑓) and 𝑅𝑜𝑏𝑅𝑒𝑠(𝑠) with failure. 
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Figure F.6: Performance regrets of 𝑆𝑢𝑠(𝑠, 𝑓) and 𝑅𝑜𝑏𝑆𝑢𝑠(𝑠) with failure. 



 

323 

 

Figure F.6 (cont.): Performance regrets of 𝑆𝑢𝑠(𝑠, 𝑓) and 𝑅𝑜𝑏𝑆𝑢𝑠(𝑠) with failure. 
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Figure F.7: Performance regrets of 𝑅𝑒𝑙(𝑠, 𝑓) and 𝑅𝑜𝑏𝑅𝑒𝑙(𝑠) for strategies. 



 

325 

 

Figure F.8: Performance regrets of 𝑅𝑒𝑠(𝑠, 𝑓) and 𝑅𝑜𝑏𝑅𝑒𝑠(𝑠) for strategies. 
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Figure F.9: Performance regrets of 𝑆𝑢𝑠(𝑠, 𝑓) and 𝑅𝑜𝑏𝑆𝑢𝑠(𝑠) for strategies. 
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Figure F.10: Performance regrets of 𝑅𝑒𝑙(𝑠, 𝑓) and 𝑅𝑜𝑏𝑅𝑒𝑙(𝑠) with failure. 
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Figure F.11: Performance regrets of 𝑅𝑒𝑠(𝑠, 𝑓) and 𝑅𝑜𝑏𝑅𝑒𝑠(𝑠) with failure. 



 

329 

 

Figure F.12: Performance regrets of 𝑆𝑢𝑠(𝑠, 𝑓) and 𝑅𝑜𝑏𝑆𝑢𝑠(𝑠) with failure. 
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APPENDIX G: SENSITIVITY ANALYSIS 

A one-at-a-time local sensitivity analysis was carried out; key input parameters 

(i.e. population growth, water consumption, urban creep, infiltration, 

misconnections and sewer siltation) were altered by ±10% (see Table G.1) and 

the sensitivity of relevant model outputs measured (see tornado diagrams 

shown in Figure G.1). The sensitivity was evaluated as the percentage 

difference relative to results obtained with the original parameter estimates. The 

values shown in Figure G.1 are the maximum and minimum sensitivities for 

each stand-alone strategy under the four scenarios. 

Table G.1: Range of input parameters used in the sensitivity analysis for each 

scenario (original parameters are shown in bold). 

Parameter Markets Innovation Austerity Lifestyles 

Population 
growth (%) 

(40.5, 45, 49.5) (31.5, 35, 38.5) (18, 20, 22) (22.5, 25, 27.5) 

Water 
consumption 
(l/person/d) 

(148.5, 165, 181.5) (112.5, 125, 137.5) (126, 140, 154) (99, 110, 121) 

Urban creep 
rate (%) 

(13.5, 15, 16.5) (9, 10, 11) (10.8, 12, 13.2) (4.5, 5, 5.5) 

Infiltration 
rate (%) 

(27, 30, 33) (9, 10, 11) (45, 50, 55) (36, 40, 44) 

Misconnect. 
rate (%) 

(4.5, 5, 5.5) (0.9, 1, 1.1) (6.3, 7, 7.7) (2.7, 3, 3.3) 

Siltation* (0.84, 0.92, 1) (0.92, 1, 1)* (0.76, 0.84, 0.92) (0.84, 0.92, 1) 

*Represented by full-pipe area reduction factors. The maximum upper boundary of the 

range was limited to 1, so that values remained within feasible estimates. 

The sensitivity of scenario regrets for each strategy was also evaluated (Figure 

G.2) based on these results. This shows that scenario regret scores (gray bar) 

are, on average, approximately within an error of ±2% in Markets, ±5% in 

Innovation and Austerity, and ±7% in Lifestyles. The lower and upper quartiles 

(25th and 75th percentiles) represented in Figure G.2 remain close to the 

estimated scores across scenarios (within the ±3%)  and do not overlap in most 

cases, suggesting that the differences between scenario scores are significant 

and that these values are representative of the sample with a high degree of 

confidence.  
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On average, the mean regret scores obtained have an error of between -4% 

and +2% (see Figure G.3). This error varied from strategy to strategy, with an 

upper extreme of +3% for SCR and a lower extreme of -9% for SCP. The error 

of the lower and upper quartiles is, on average, around ±1%. Based on these 

results, the mean regret for each strategy is within ±3% with a high degree of 

confidence. 
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Figure G.1: Sensitivity of model outputs (for each strategy) to input parameter 

alterations. 
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Figure G.1 (cont.): Sensitivity of model outputs (for each strategy) to input 

parameter alterations. 
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Figure G.1 (cont.): Sensitivity of model outputs (for each strategy) to input 

parameter alterations. 
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Figure G.2: Error range evaluated for scenario regrets of each strategy (blue 

box: upper/ lower quartiles; red line: median; whisker: range) 

 

Figure G.3: Error range evaluated for the mean regret score of each strategy 

(blue box: upper/ lower quartiles; red line: median; whisker: range). 
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APPENDIX H: DOMAINS FOR SINGLE ADAPTATION TARGETS 

 

Figures H.1-H.3: Reliability domains for single adaptation targets. 

Figures H.4-H.6: Resilience domains for single adaptation targets. 

Figures H.7-H.9: Sustainability domains for single adaptation targets. 

Figures H.10-H.12: Reliability-Resilience-Sustainability domainss for single 

adaptation targets. 

 

 

 

 

 

 

 



 

337 

 

Figure H.1: Reliability domains for the sewer flooding adaptation target. The 

compliant domain (coloured tiles) ranges from low (green) to high regret (red). 

Non-compliant and full-regret tiles are shown in grey. 
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Figure H.2: Reliability domains for the CSOs adaptation target. The compliant 

domain (coloured tiles) ranges from low (green) to high regret (red). Non-

compliant and full-regret tiles are shown in grey. 
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Figure H.3: Reliability domains for the river flooding adaptation target. The 

compliant domain (coloured tiles) ranges from low (green) to high regret (red). 

Non-compliant and full-regret tiles are shown in grey. 
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Figure H.4: Resilience domains for the sewer flooding adaptation target. The 

compliant domain (coloured tiles) ranges from low (green) to high regret (red). 

Non-compliant and full-regret tiles are shown in grey. 
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Figure H.5: Resilience domains for the CSOs adaptation target. The compliant 

domain (coloured tiles) ranges from low (green) to high regret (red). Non-

compliant and full-regret tiles are shown in grey. 
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Figure H.6: Resilience domains for the river flooding adaptation target. The 

compliant domain (coloured tiles) ranges from low (green) to high regret (red). 

Non-compliant and full-regret tiles are shown in grey. 
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Figure H.7: Sustainability domains for the sewer flooding adaptation target. The 

compliant domain (coloured tiles) ranges from low (green) to high regret (red). 

Non-compliant and full-regret tiles are shown in grey. 
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Figure H.8: Sustainability domains for the CSOs adaptation target. The 

compliant domain (coloured tiles) ranges from low (green) to high regret (red). 

Non-compliant and full-regret tiles are shown in grey. 
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Figure H.9: Sustainability domains for the river flooding adaptation target. The 

compliant domain (coloured tiles) ranges from low (green) to high regret (red). 

Non-compliant and full-regret tiles are shown in grey. 
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Figure H.10: Reliability, resilience and sustainability domains for the sewer 

flooding adaptation target. The compliant domain (coloured tiles) ranges from 

low (green) to high regret (red). Non-compliant and full-regret tiles are shown in 

grey. 
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Figure H.11: Reliability, resilience and sustainability domains for the CSOs 

adaptation target. The compliant domain (coloured tiles) ranges from low (green) 

to high regret (red). Non-compliant and full-regret tiles are shown in grey. 
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Figure H.12: Reliability, resilience and sustainability domains for the river 

flooding adaptation target. The compliant domain (coloured tiles) ranges from 

low (green) to high regret (red). Non-compliant and full-regret tiles are shown in 

grey. 
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